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Concrete is among the most common materials utilized to construct protective elements
in hardened structures. Subsequently, understanding how a concrete member will respond to
explosively driven fragment or projectile impact is critical to the protective design process.
Explosively driven fragments can have many different shapes and sizes depending on the event
that resulted in their creation. These geometric variations can include a high-aspect, or width to
thickness, ratio; however, impact from fragments with elevated aspect ratios on hardened
concrete has not been extensively studied. Therefore, reinforced concrete specimens were
subjected to impact from fragments with different aspect ratios to illustrate and quantify the
effect of fragment characteristics, protective element features, and experimental target size on
local impact performance.
A novel experimental technique was developed to allow for high-aspect ratio fragment
impact on concrete slabs to be evaluated. The same concrete materials were also impacted with
lower aspect ratio fragments for comparative purposes. Data collected from these two experimental
series were utilized to analyze the effects of compressive strength, thickness, and fiber

reinforcement on impact performance. The accuracy of existing penetration and spall prediction
methodologies were evaluated for both fragment types.
The kinetic energy required to cause reinforced concrete to present a breached condition
due to the high-aspect ratio fragment was also analyzed. Modifications were made to existing
contact charge equations to account for differences between the contact charge energy required to
cause a breach condition and that required from fragment impact to produce a breach condition.
The breach envelope defined by these relationships was further evaluated using a computational
model calibrated specifically for this impact scenario. Finally, the effect of impact specimen
geometry and confinement type on target performance was numerically evaluated. Artificial and
inertial confinement were examined through varying target diameter to projectile diameter ratio
with and without artificial circumferential confinement.
Given the minimal data associated with local effects of high-aspect ratio fragment impact
and the many factors that can influence concrete impact resistance, the information and
relationships learned along with the analysis techniques developed herein can be utilized to
improve the state of the art of protective design.
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CHAPTER I
INTRODUCTION
1.1

Introduction
A concrete element’s impact response is often dictated by many factors including the

shape, type, and velocity of the impactor as well as the constitutive makeup, compressive
strength, and thickness of the protective member, the presence of different types of
reinforcement, etc. Each of these characteristics must be accounted for to appropriately evaluate
the level of protection that can be assumed for a given concrete element. One challenge
associated with this type of analysis is that explosively driven fragments can have many different
shapes and sizes that are typically related to the event that resulted in their creation. These
include smaller fragments with lower-aspect, or width-to-thickness, ratios as well as fragments
with high-aspect ratios.
While the impact of many different types of projectiles and fragments on concrete
elements have been studied (Li et al. 2005), the effects of high-aspect ratio fragment impact on
protective concrete elements have not been evaluated in great detail. Subsequently, the ability of
existing empirical methodologies to predict impact performance parameters such as penetration
depth into a member and concrete thickness required to prevent spall have not been validated for
accuracy with this type of impact scenario.
Similarly, breach response due to contact charge detonation and air blast due to close-in
blast scenarios have been evaluated, and empirical methodologies to assess breach response have
1

been created to estimate member performance. However, a comprehensive literature review
identified no existing techniques that provide the ability to quickly and reasonably estimate the
required thickness of a member to prevent breach due to certain high-aspect ratio fragments.
Therefore, this dissertation intends to contribute to the blast effects area of civil engineering by
evaluating the effects of a high-aspect ratio fragment impact on concrete elements relative to a
lower-aspect ratio fragment impact and to illustrate the influence of different material
characteristics on a concrete element’s response to these types of impact scenarios.
High-aspect ratio fragments could be generated by many different scenarios such as
explosions internal to pressure vessels, large pipes, etc. Given that depth of penetration is
inversely proportional to a fragment’s aspect ratio, a high-aspect ratio impactor produced by
these types of events is less likely to perforate, or completely pass through, a typical concrete
protective element compared to a fragment with a lower aspect ratio. However, while perforation
is not probable, the shockwave that is induced by impact from a high-aspect ratio fragment can
result in spall. This impact response is defined herein as ejecta produced from the distal side of a
structural member without the fragment or projectile perforating the element. Spall is generated
when the magnitude of the shockwave reflected off the free surface at the back of a member
exceeds the resistance capacity of the concrete, resulting in the separation and ejection of
material (Abdel-Kader et al. 2014, Li et al. 2005, Li et al. 2014). When the damage induced by
the distal face spall response intersects with the damage due to impact on the proximal face of
the member, an opening, or breach, is created. This type of local response can occur in
conjunction with, or the absence of, fragment perforation through the slab and can result in loss
of perimeter containment and a decrease of overall global performance from a reduction in
structural capacity.
2

1.2

Objectives and scope
Impact resistance can have implications on both the local and global performance of a

protective member. The local effects discussed above, including penetration, perforation, spall,
and breach, are often predicted based on the compressive strength and thickness of the impacted
member (McVay 1988) and evaluated experimentally using targets assumed to be representative
of a fielded protective structure element. Due to brittleness tendencies that are often associated
with concrete that has elevated compressive strength, spall damage of an element constructed using
high-strength concrete (HSC) has been found to be more severe (Dancygier et al. 1996, Ohnuma
et al. 1985, Carey et al. 2020). However, the influence of these characteristics on the local response
of concrete protective elements impacted by a high-aspect ratio fragment impact have not been
evaluated. Therefore, the main objectives of this dissertation are:
1. Develop an experimental method to analyze concrete slab performance when
impacted by a high-aspect ratio fragment.
2. Provide an improved understanding of the influence of structural member features
including concrete compressive strength, thickness, and fiber reinforcement on
protective element performance when subjected to high-aspect ratio fragment impact.
3. Provide an improved understanding of the influence of fragment characteristics such
as aspect ratio on impact response.
4. Evaluate the ability of existing penetration performance analysis techniques to model
a high-aspect ratio fragment impact and impact by fragments with more common
aspect ratios using the same concrete materials.

3

5. Develop modifications to existing contact charge relationships to allow for analysis of
concrete element breach performance due to impact by the high-aspect ratio fragment
impact analyzed herein.
6. Generate experimentally calibrated multi-physics computational models to analyze
breach of reinforced concrete slabs due to a high-aspect ratio fragment impact.
7. Determine the influence of edge effects on the ability of a target specimen to provide
a response representative of a semi-infinite fielded protective structural element.
These objectives were met by conducting two comparative impact test series on concrete
elements. One test series evaluated high-aspect ratio fragment impact while the other evaluated
impact response due to a more common fragment. The same concrete materials were utilized for
each experimental series. The high-aspect ratio impact test series was conducted at the US Army
Engineer Research and Development Center (ERDC) Big Black Test Site (BBTS) while the
lower-aspect ratio impact testing was conducted at the ERDC Fragmentation Simulation Facility.
The BBTS is located near Vicksburg, Mississippi, on the Big Black River and can support
detonations of explosive charge weights up to approximately 11.3 kg. The Fragmentation
Simulation Facility is located at ERDC proper. Three different types of concrete were utilized
when creating the target specimen, one of which was made with, and without, fiber
reinforcement. Each of the materials had varying compressive strengths and were used to
produce targets of varying geometries. These factors provide the ability to evaluate the effect of
fiber reinforcement, thickness, compressive strength, fragment aspect ratio, and target
dimensions on impact response.
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1.3

Organization of dissertation
This dissertation is organized into nine chapters. This first chapter provides background

and overview information. The second chapter provides a review of existing literature and
practice related to the topics of this research initiative. The third, fourth, and fifth chapters detail
the materials tested and the experimental programs used during the evaluation process. The sixth
chapter evaluates existing predictive penetration and spall response methodology’s ability to
model plate fragment impact. The seventh chapter proposes a new technique to evaluate breach
performance using modifications to existing contact charge relationships, and the eighth chapter
evaluates the target size necessary to provide the most accurate impact response. The ninth
chapter provides a summary of the findings of each chapter, and the last section includes
references that were utilized in this study. References for written works by the author are
provided as necessary at the beginning of each chapter.
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CHAPTER II
LITERATURE AND PRACTICE REVIEW
2.1

Overview of literature and practice review
This literature and practice review assembled and summarized information regarding the

impact performance of concrete elements subjected to high energy loading conditions such as
fragment impact and contact explosions. Experimentation related to the local effects of concrete
elements due to fragment impact are reviewed in Section 2.2. Predictive methodologies for
penetration and spall response are reviewed in Section 2.3, while breach performance of concrete
elements is reviewed Section 2.4. Finally, computational modeling of breach due to contact
charge detonation is reviewed in Section 2.5. Many of the studies included use different
terminology to describe local effects due to impact. Therefore, for clarity and consistency, spall
is defined in this dissertation as ejecta produced from the distal member face, and breach is
defined as an opening created in the slab due to a high-energy event. Information is presented in
this chapter by referenced source and is organized in chronological order.
2.2

Review of experimentation of concrete response to fragment or projectile impact
Studies that included experimentation related to fragment or projectile impact were

assembled. This review focuses on establishing the scope of existing experimental research
related to reinforced concrete targets of varying thicknesses and compressive strengths made
with and/or without fiber reinforcement. Only projectiles that are non-deformable were analyzed.
This type of impactor, such as a solid steel cylinder or a relatively thick high-aspect ratio
6

fragment, does not display notable deformation upon impact relative to that of more ductile
fragment or projectile, such as a thin-walled, hollow steel cylinder. The information included in
Section 2.2 was published as part of Brown et al. 2019 and Brown et al. 2020b.
2.2.1

Kennedy
Kennedy (1976) conducted a series of experiments that were primarily intended to

determine the thickness required to prevent spall of concrete panels when impacted by larger
diameter, non-deformable projectiles with flat impact faces at relatively low velocities. A 20.3cm-diameter steel projectile weighing 96.6 kg, a 20.3-cm-diameter steel pipe weighing 59.9 kg, a
20.3-cm steel pipe weighing 93.9 kg, and a 20.3 cm diameter wood pole weighing 90.7 kg were
utilized to impact concrete panels at velocities varying from approximately 36.6 m/s to 149.4
m/s. The 30.5-, 45.7-, and 61-cm-thick panels were constructed using normal strength concrete
(NSC) with compressive strength (fc) values from approximately 30.3 MPa to 40 MPa. This
research provided simplified procedures for evaluating the local response, including penetration
and spall, of concrete elements when impacted by non-deformable projectiles.
2.2.2

Ohnuma et al.
Ohnuma et al. (1985) performed a series of tests to evaluate the impact resistance of

double-reinforced concrete beams and slabs when impacted with a non-deformable 10-cmdiameter, flat-faced projectile weighing approximately 70 kg at a velocity of approximately 50
m/s. The slab targets were 10-, 20-, and 30-cm-thick with fc values between approximately 23
MPa and 41 MPa. One slab included a steel liner on the rear face. This study noted that increased
member thickness decreased the spall response and that a higher fc decreased the penetration
depth of the projectile but increased the tendency of the material to spall.
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2.2.3

McVay
McVay (1998) collected and analyzed data from 374 tests on reinforced concrete panels

with an fc of approximately 27.6 MPa. The panels were subjected to contact charge detonation as
well as cased and uncased munitions at close-in detonation distances. This research observed that
increased thickness reduced spall, reinforcement spacing impacted spall performance, and
documented that HSC suffered greater spall damage relative to that of NSC. In addition, the data
compiled by this study was utilized to create empirical relationships that can be utilized to
predict spall and breach performance. These methodologies are discussed in Sections 2.3.11 and
2.4.4, respectively.
2.2.4

Ito et al.
Ito et al. (1989) evaluated reinforced concrete slabs impacted by projectiles at velocities

between 40 m/s and 250 m/s with the intent of investigating a specific impact scenario of interest
related to nuclear power plant design. The concrete material analyzed was reinforced with and
cast into specimens that were 40-cm, 50-cm, and 60-cm-thick. The diameter of the missile
utilized to impact the slabs was 230 cm. This study evaluated the available depth to prevent spall
and perforation thicknesses evaluation techniques available at the time.
2.2.5

Kojima

Kojima (1990) evaluated the effect of hemispherical nose projectile impact at varying
velocities on concrete targets with different thicknesses and reinforcement details. The
projectiles utilized had a diameter of 6 cm, weighed 2 kg, and impacted the concrete targets at
velocities from approximately 100 to 200 m/s. Single and double reinforced concrete targets
were tested and some targets included a steel liner on the rear face. The targets were made using
concrete with an fc of approximately 27.6 MPa and had thicknesses of 6 cm, 9 cm, 12 cm, 18 cm,
8

and 24 cm. This experimentation observed that greater thicknesses and decreased projectile
velocities resulted in a general decrease in damage.
2.2.6

Anderson et al.
Anderson et al. (1992) evaluated the damage of slurry infiltrated fiber concrete

(SIFCON) when impacted by a projectile having a mass between 9.6 and 9.9 grams at a velocity
of approximately 860 m/s. SIFCON is cast by placing fiber reinforcement into a mold and then
infiltrating the mold with cementitious materials. Element thickness, different types of
cementitious slurry, and the inclusion of aggregate in the mixture were evaluated. The use of
SIFCON was found to reduce the proximal face damage but increase the fragment depth
penetration into the member. In addition, the inclusion of aggregate was found to improve the
penetration resistance of the element.
2.2.7

Hanchak et al.
Hanchak et al. (1992) evaluated concrete slabs with an fc between 48 MPa and 140 MPa

against the impact of a 25.4-mm-diameter ogive-nosed projectile weighing 0.5 kg with at
velocities between 300 and 1,100 m/s. Perforation behavior of slabs was the primary impact
performance metric evaluated. The velocity of the projectile after perforation, or the residual
velocity, for the 140 MPa material was found to be 20% less than that of the 48 MPa material.
This indicates that while perforation resistance is influenced by fc, impact performance may be
more effectively influenced by changing other variables such as element thickness.
2.2.8

Dancygier et al.
Dancygier et al. (1996) studied the influence of concrete strength and reinforcement type

on the response of concrete members subjected to impact from a conical, non-deformable
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projectile at velocities of approximately 85 m/s to 230 m/s. The 0.12 kg projectiles had a 2.54 cm
diameter with a conical nose. The targets were approximately 4-cm and 6-cm-thick and were
constructed with NSC and HSC materials with average fc values of approximately 34 and 110
MPa, respectively. Several different reinforcement types were utilized, including deformed wire
mesh and steel fibers. The research found that reinforcement spacing and the inclusion of steel
fibers to increase the ductility of the HSC made a notable impact on the spall resistance of the
members.
2.2.9

Zhang et al.
Zhang et al. (2005) investigated the impact resistance of concrete materials with an fc

between 45 and 235 MPa. The projectile utilized in this experimentation had a diameter of 12.6
mm and an ogive-nose. The projectile impacted the targets at velocities between 620 m/s and 700
m/s. The study determined that increasing the fc reduces the penetration depth of the projectile
into the member. However, the trend was not linear and a concrete with an fc of approximately
100 MPa was found to be the most efficient in terms of both compressive strength and impact
resistance capabilities. Also, coarse granite aggregate was found to reduce the projectile
penetration depth into the member and reduce crack propagation. The inclusion of steel fibers
also reduced crack propagation but was not found to provide any benefit in terms of projectile
penetration depth.
2.2.10

Dancygier et al.
Dancygier et al. (2007) studied the influence of concrete mixture constituents along with

the amount and type of reinforcement on element performance when subjected to nondeformable projectile impact. The materials tested had fc values between approximately 30 MPa
and 120 MPa. The targets were made with varying types of steel fibers, different aggregate types,
10

and sizes, and subjected to impact from a 1.5 kg conical projectile with a diameter of 5 cm at
velocities up to approximately 315 m/s. This study found that an increase in fc results in an
increase perforation resistance, inclusion of steel fibers reduce impact damage, and that specific
types of conventional reinforcement detailing can enhance impact resistance.
2.2.11

Beppu et al.

Beppu et al. (2008) described local damage due to impact by a mushroom-shaped projectile
and the creation of numerical simulations to model the impact. The head of the projectile utilized
had a diameter of 25 mm, weighed 50 g, and was propelled into concrete slabs at velocities
between approximately 200 m/s and 500 m/s. The concrete elements tested were 500-mm by
500-mm and varied in thickness between 3 cm and 13 cm. The study found that the impact area
is subjected to very high pressures and compressive strains at the front and back surfaces before
failing in tension. In addition, the constitutive model and strain rate were found to be critical to
accurately analyzing this type of impact.
2.2.12

Maca et al.
Maca et al. (2014) completed a comparative analysis of unreinforced slabs with fc values

varying between 132 and 151 MPa when impacted with a 9 g ogive-nose ballistic projectile at a
velocity of approximately 710 m/s. This research noted that greater compressive strength
resulted in increased resistance to impact loading. This study also concluded that fiber
reinforcement reduced the impact crater diameter up to 42%, and that optimal fiber content for
penetration performance was around 2% by volume.
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2.2.13

Sovjak et al.
Sovjak et al. (2013) evaluated unreinforced concrete slabs with steel fibers that had fc

values between approximately 37 and 152 MPa when impacted with a deformable 9 g ogive-nose
ballistic projectile at a velocity of approximately 710 m/s. This study concluded that HSC
without steel fibers is much more susceptible to brittle failure compared to NSC. In addition, the
inclusion of steel fibers was found to decrease penetration damage by up to 50%.
2.2.14

Dancygier et al.
Dancygier et al. (2014) compared the performance of concrete specimens constructed in

multiple layers versus single layer elements. The slabs that were evaluated had fc values between
approximately 40 and 116 MPa and were impacted with a 5-cm-diameter conical tipped steel rod
at velocities up to 300 m/s. This study found that the size and type of aggregate utilized in the
impacted material had a notable influence on rear face damage, with larger and harder aggregates
resulting in increased damage to a member’s rear face. This study also concluded that the
inclusion of fiber reinforcement reduced the damaged area on the distal face of the impacted
member.
2.2.15

Abdel-Kader and Fouda

Abdel-Kader and Fouda (2014) evaluated the performance of approximately 10-cm-thick
concrete slabs constructed with multiple different types of reinforcement, reinforcement ratios,
or a steel plate lining on the front and/or rear of the slabs. The elements that were evaluated had a
fc of approximately 26 MPa and were impacted by a 0.18 kg blunt steel projectile with a
diameter of approximately 2.3 cm at velocities from approximately 100 m/s to 970 m/s. This
study noted that the location of reinforcement affects the front and rear damage and that a steel
lining on the front and rear of a concrete element provides increased perforation resistance.
12

2.2.16

Wu et al.
Wu et al. (2015) evaluated the perforation performance of reinforced concrete targets

when impacted by ogive-nosed, cylindrical 25.3-mm-diameter projectiles weighing 386 g. The
targets were constructed to thicknesses of 100 mm, 150 mm, 200 mm, and 300 mm and were
reinforced with between two and four layers of reinforcement depending on the thickness of the
specific element. Several of the targets included a steel liner on the rear face. The slabs were
arranged in layers of three with the rear target having the liner on the rear face. Two test
configurations were utilized, where the targets were either stacked against one another or an airgap was provided between each of the slabs. The inclusion of the air-gap segmentation was
found to improve impact resistance. In addition, an explicit dimensionless expression was
developed to predict the terminal ballistic parameters for these specific types of targets was
created.
2.2.17

Rajput et al.
Rajput et al. (2016) evaluated plain and reinforced concrete elements with an fc of 40

MPa against impact from an ogive-nosed, 1 kg, 19-mm-diameter projectile. The test specimens
were made at thicknesses of 60 mm, 80 mm, and 100 mm and were impacted at velocities
between 28 m/s and 102 m/s. The residual velocity of the projectile after passing completely
through the target was evaluated. The study found that a 5% decrease in residual velocity could
be provided by increasing target thickness from 80 mm to 100 mm. In addition, reinforcement
was also found to improve overall impact performance, including spall, penetration, and
perforation resistance.
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2.2.18

Iqbal et al.

Iqbal et al. (2017) evaluated the performance of 60-mm-thick slabs with an fc of 40 MPa
with, and without, reinforcement. The projectile utilized was an ogive-nosed steel cylinder with a
diameter of 19 mm and a mass of 0.5 kg. The projectile impacted the targets at velocities
between 28 m/s and 102 m/s. The influence of reinforcement was evaluated and illustrated in this
study. The perforation limit of the 60-mm-thick reinforced target was found to be 20% higher
than the 60-mm-thick concrete targets made without steel reinforcement.
2.3

Review of methodologies to predict fragment penetration depth and spall in
concrete due to impact
Studies that included the creation or evaluation of methodologies utilized to predict the

performance of concrete members against fragment or projectile impact were assembled. This
review focuses on establishing the scope of the existing spall and penetration prediction
methodologies for reinforced concrete targets of varying thicknesses and compressive strengths
made with and/or without fiber reinforcement. Similar to Section 2.2, only relationships related
to non-deformable fragment or projectile impact on reinforced concrete elements are included.
The information included in Section 2.3 was published as part of Brown et al. (2019) and Brown
et al. (2020b).
The notation associated with the variables in each relationship in this section are defined
in Table 2.1. Some of the empirical relationships only utilize either customary or SI units. In
these instances, only the applicable units are included. Any coefficients are discussed with their
respective relationship, as required.
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Table 2.1

Spall and Penetration Depth Empirical Formulae Notation

Notation
a
Ap
Cr
d
dr
E
Es
ESP
fc
ft
h
hs
M
Nh
N*
R
Rt
V
W
Wadj
Wc
x
c
n−c
t
2.3.1

Parameter
target concrete aggregate half diameter
fragment area
rebar spacing
fragment diameter
diameter of reinforcement
Young's modulus of fragment
Young's modulus of steel
Energy required to induce spall response
concrete compressive strength
target concrete tensile strength
target thickness
target depth to prevent spalling
fragment mass
fragment nose shape coefficient
fragment nose shape factor
explosive standoff distance
percentage of reinforcement
fragment striking velocity
explosive weight
adjusted charge weight
steel casing weight
fragment penetration depth
spall parameter for contact charges
spall parameter for non-contact charges
rate-dependent characteristic strength of concrete

Units
Customary
in.
ft.2
--in.
--psi
psi
--psi
psi
in.
in.
lbm.
----ft.
--ft./s.
lbm.
lbm.
lbm.
in.
-------

SI
m
--mm
m
mm
Pa
Pa
Pa
Pa
Pa
m
m
kg
----m
--m/s
kg
----m
----Pa

Modified Petry

The depth to prevent spall (hs) shown in Equation 2.1 was developed by Amirikian (1950)
based on the Petry penetration depth formula which was created in 1910, and was the most
common spall prediction formula utilized in the US at the time. The penetration depth (x) values
utilized in the spall relationship are shown in Equations 2.2 and 2.3.
ℎ𝑠 = 2.2𝑥

15

(2.1)

where,
𝑥
𝑉2
= 12𝐾𝑝 𝐴𝑝 log10 (1 +
) (Customary)
𝑑
215,000

(2.2)

𝑥
𝑀
𝑉2
= 𝑘 3 log10 (1 +
) (SI)
𝑑
𝑑
19,974

(2.3)

Kp is a coefficient utilized to capture the type of concrete construction that is being evaluated.
The value of Kp for normal reinforced concrete is defined as 0.00426, which is what was
evaluated in the tests being analyzed in this study. The velocity and mass of the projectile or
fragment per projected area are defined by V and Ap, respectively, while the mass is noted by M
(Kennedy 1976). In the SI equation, the projectile or fragment diameter is represented by d, and
k can be taken as 0.000339 or 0.0795Kp (Li et al. 2005).
2.3.2

Ballistic Research Laboratory (BRL)

The BRL developed the spall relationship shown in Equation 2.4 based on a modification to
the penetration depth formula shown in Equations 2.5 and 2.6 in 1941 (Li et al. 2005).
ℎ𝑠 = 2𝑥

(2.4)

𝑥 427 𝑀 0.2 𝑉 1.33
( )𝑑 (
)
=
(Customary)
𝑑 √𝑓𝑐 𝑑 3
1000

(2.5)

𝑥 1.33 ∗ 10−3 𝑀 0.2 1.33
( 3) 𝑑 𝑉
=
(SI)
𝑑
𝑑
√𝑓𝑐

(2.6)

where,
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2.3.3

US Army Corps of Engineering (USACE)

USACE developed the relationship shown in Equation 2.7 from regression analysis of 3.7
cm, 7.4 cm, 7.6 cm, and 15.5 projectiles. Equation 2.8 was subsequently developed for 0.5
caliber projectiles. These relationships are only valid for the limits shown with ratios less than
three resulting in overly conservative predictions. The associated penetration depth formulae
used in this methodology are detailed in Equations 2.9 and 2.10 (Kennedy 1976, Li et al. 2005).
ℎ𝑠
𝑥
𝑥
ℎ𝑠
= 2.12 + 1.36 , 𝑓𝑜𝑟 (0.65 < ≤ 11.75) 𝑜𝑟 (3 ≤
≤ 18)
𝑑
𝑑
𝑑
𝑑

(2.7)

ℎ𝑠
𝑥
𝑥
ℎ𝑠
= 2.28 + 1.13 , 𝑓𝑜𝑟 (0.65 < ≤ 11.75) 𝑜𝑟 (3 ≤
≤ 18)
𝑑
𝑑
𝑑
𝑑

(2.8)

where,
𝑥 282.6 𝑀 0.215 𝑉 1.5
( 3) 𝑑
(
) + 0.5 (Customary)
=
𝑑
1000
√𝑓𝑐 𝑑
𝑥 3.5 ∗ 10−4 𝑀 0.215 1.5
( 3) 𝑑
=
𝑉 + 0.5 (SI)
𝑑
𝑑
√𝑓𝑐
2.3.4

(2.9)
(2.20)

Modified NDRC

Kennedy (1976) modified the US National Defense Research Committee (NDRC 1946)
methodology to provide the relationships shown in Equation 2.11 and 2.12. The penetration
depth parameter developed for this particular methodology are defined in Equations 2.13 and
2.14. The spall formulae (Equations 2.11 and 2.12) were initially developed based on the
USACE relationship discussed in 2.3.3 (Equations 2.7 and 2.8). The modification made to the
USACE formula for spall allows for a more accurate analysis of slab thickness and projectile
diameter ratios less than three. The penetration depth prediction was developed specifically for
this relationship and does not use the same approach as the USACE technique. The penetration
depth is determined by assuming that the contact force increases linearly to a constant maximum
value when the penetration depth is small. This is represented by the G-function shown in
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equations 2.15 and 2.16 for Customary and SI units, respectively. The effect of the nose of the
projectile or fragment is characterized by N*. Values of this input were defined as 0.72, 0.84, 1.0,
and 1.14 for flat, hemispherical, blunt, and sharp noses, respectively (NDRC 1946, Kennedy
1976, Li et al. 2005).
ℎ𝑠
𝑥
𝑥 2
𝑥
ℎ𝑠
= 7.91 ( ) − 5.06 ( ) , 𝑓𝑜𝑟 ( ≤ 0.65) 𝑜𝑟 ( ≤ 3)
𝑑
𝑑
𝑑
𝑑
𝑑
ℎ𝑠
𝑥
𝑥
ℎ𝑠
= 2.12 + 1.36 ( ) , 𝑓𝑜𝑟 (0.65 < ≤ 11.75) 𝑜𝑟 (3 <
≤ 18)
𝑑
𝑑
𝑑
𝑑
where,

(2.31)
(2.42)

𝑥
= 2𝐺 0.5 , 𝑓𝑜𝑟 𝐺 ≥ 1
𝑑

(2.53)

𝑥
= 𝐺 + 1 , 𝑓𝑜𝑟 𝐺 < 1
𝑑

(2.64)

and,
𝐺=

180𝑁 ∗ 𝑀
𝑑√𝑓𝑐

𝑉
(
) (Customary)
1000𝑑

(2.75)

𝑁 ∗ 𝑀 𝑉 1.8
(
) ( ) (SI)
𝑑√𝑓𝑐 𝑑

(2.86)

−5

𝐺 = 3.8 ∗ 10
2.3.5

Ammann and Whitney
This methodology was created with the intent of predicting the penetration depth of small

fragments with a velocity in excess of 300 m/s. The customary and SI versions of this
relationship are shown in Equations 2.17 and 2.18, respectively. Similar to the NDRC formula,
these relationships utilize N* to define the nose shape of the fragment or projectile (Kennedy
1976) (Li et al. 2005).
𝑥 282 ∗ 𝑀 0.2 𝑉 1.8
) (Customary)
=
𝑁 ( 3) 𝑑 (
𝑑 √𝑓𝑐
𝑑
1000
𝑥 6𝑥10−4 ∗ 𝑀 0.2
=
𝑁 ( 3 ) 𝑑 (𝑉)1.8 (SI)
𝑑
𝑑
√𝑓𝑐
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(2.97)
(2.108)

2.3.6

Whiffen
The penetration depth relationships shown in Equations 2.19 and 2.21 were developed

from penetration studies of fragments produced by many different types of bombs into reinforced
concrete. This methodology accounts for the effects of the aggregate by utilizing half the
maximum nominal aggregate (MNA) size (a) and the constant n as defined in Equations 2.20 and
2.22 for both customary and SI units, respectively.
𝑥

870

𝑀

𝑑 0.1

= (𝑓0.5 ) (𝑑3 ) (𝑎)
𝑑
𝑐

𝑉

𝑛

(1750) (Customary)

(2.119)

where,
𝑛=

10.70
𝑓𝑐0.25

(2.20)

and,
𝑥
261 𝑀 𝑑 0.1
𝑉 𝑛
) (SI)
= ( 0.5 ) ( 3 ) ( ) (
𝑑
𝑑
𝑎
533.4
𝑓𝑐

(2.21)

where,
97.51
(2.22)
𝑓𝑐0.25
These relationships were developed using fc values from 5.5 to 70 MPa, d values between 13 and
𝑛=

965 mm, and V values between 0 and 1128 m/s (Li et al. 2005).
2.3.7

Kar
This methodology was developed by Kar based on the NDRC formulae. The penetration

depth relationships are shown in Equations 2.23 and 2.24. The Young’s modulus of the projectile
or fragment (E) and the Young’s modulus of steel (Es) are utilized to determine the G value
shown in Equation 2.25 and 2.26.
𝑥
= 2𝐺 0.5 𝑓𝑜𝑟 𝐺 ≥ 1
𝑑
or,
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(2.23)

𝑥
= 𝐺 + 1 𝑓𝑜𝑟 𝐺 < 1
𝑑

(2.24)

where,
𝐺=

180𝑁 ∗ 𝑀

𝑑√𝑓𝑐

𝐸 1.25

(𝐸 )
𝑆

1.8

𝑉

(1000𝑑)

𝐸 1.25

𝐺 = 3.8𝑥10−5 (𝐸 )

(

𝑁∗𝑀

𝑑√𝑓𝑐

𝑆

(Customary)
𝑉

(2.25)

1.8

)( )
𝑑

(2.26)

(SI)

The spall relationships in this methodology are shown in Equations 2.27 and 2.28 with the
associated constant b defined in Equation 2.29 (Li et al. 2005).
ℎ𝑠 − 𝑎
𝑥
𝑥 2
𝑥
𝑏 = 7.19 ( ) − 5.06 ( ) , 𝑓𝑜𝑟 ( ≤ 0.65)
𝑑
𝑑
𝑑
𝑑

(2.27)

ℎ𝑠 − 𝑎
𝑥
𝑥
𝑏 = 2.12 + 1.36 ( ) , 𝑓𝑜𝑟 (0.65 < < 11.75)
𝑑
𝑑
𝑑

(2.28)

𝐸𝑠 0.2
𝑏=( )
𝐸

(2.29)

where,

2.3.8

UKAEA
These relationships were developed based on studies that were conducted regarding the

protection of nuclear power plant structures in the United Kingdom, were developed based on
the NDRC relationships, and are intended for use with fragment or projectile impacts at lower
impact velocities. The penetration depth relationships are shown in Equation 2.30, 2.31, and 2.32
with the associated G value shown in Equations 2.33 and 2.34 for customary and SI units,
respectively.
𝑥
= 0.275 − (0.0756 − 𝐺)0.5 , 𝑓𝑜𝑟 𝐺 ≤ 0.0726
𝑑

(2.30)

𝑥
= (4𝐺 − 0.242)0.5 , 𝑓𝑜𝑟 0.072 ≤ 𝐺 ≤ 1.0605
𝑑

(2.312)

𝑥
= 𝐺 + 0.9395 𝑓𝑜𝑟 𝐺 ≥ 1.0605
𝑑

(2.32)
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where,
1.8
180𝑁 ∗ 𝑀
𝑉
) (Customary)
𝐺=(
)(
1000𝑑
𝑑√𝑓𝑐

(2.33)

𝑉 1.8
𝐺 = 3.8𝑥10 (
) ( ) (SI)
(2.34)
𝑑
𝑑√𝑓𝑐
These relationships were developed for fragment velocities between 25 and 300 m/s and fc
−5

180𝑁 ∗ 𝑀

values between 22 and 44 MPa (Li et al. 2005).
2.3.9

Bechtel

The Bechtel Power Corporation created the spall relationship shown in Equations 2.35 and
2.36 based on data related to impacts on nuclear power plant structures. This particular
methodology is limited to analysis of solid steel slugs or rods (Li et al. 2005).
ℎ𝑠
𝑑

=

ℎ𝑠
𝑑

2.3.10

15.5𝑀0.4 𝑉 0.5
𝑓𝑐0.5 𝑑1.2

(Customary)

𝑀0.4 𝑉 0.65

= 38.98 ( 𝑓0.5 𝑑1.2 ) (SI)
𝑐

(2.35)
(2.36)

McVay
Based on the experimentation and analysis discussed in Section 2.2.3, McVay (1988)

established empirical damage prediction curves for local effects for cased and uncased
munitions. These prediction methodologies differ from others included herein given that they do
not require specific information about the fragment. However, they provide the ability to analyze
spall performance against fragments emitted by cased munitions by utilizing the distance to
detonation (R) and target thickness (T) divided by the scaled explosive weight (W). These
relationships have been modified through further research, such as Marchand et al. (1994). The
modified relationships are utilized in the current Unified Facilities Criteria (UFC) document 3340-02 published by the U.S. Department of Defense, which is discussed in Section 2.3.17.

21

2.3.11

Stone and Webster

The Stone and Webster spall depth relationship shown in Equation 2.37 is non-dimensional
making the formula is the same for both Customary and SI units. The dimensional coefficient (C)
is based on the ratio of the target thickness (H) to the projectile diameter (d) and is shown in
Equations 2.38 and 2.39 (Li et al. 2005).
ℎ𝑠 3 𝑀𝑉 2
=√ 3
𝑑
𝐶𝑑

(2.37)

where,
𝐻
𝐶 = 33.3 ( ) + 850,
𝑑
ℎ
(3,000
𝑓𝑜𝑟
≤ 𝑓𝑐 ≤ 4,500 𝑝𝑠𝑖) 𝑎𝑛𝑑 (1.5 ≤ 𝑑𝑠 ≤ 3.0) (Customary)
𝐻
𝐶 = 0.013 ( ) + 0.33 ,
𝑑
ℎ
𝑓𝑜𝑟 (20.7 ≤ 𝑓𝑐 ≤ 31.0 𝑀𝑃𝑎) 𝑎𝑛𝑑 (1.5 ≤ 𝑑𝑠 ≤ 3.0) (SI)
2.3.12

(2.38)

(2.39)

Chang
This methodology, shown in Equation 2.40, was developed to determine the thickness

required to prevent spall in reinforced concrete elements impacted with a flat-ended steel
cylinder. This relationship was one of the first penetration or spall relationships to be developed
that utilized dimensionally homogenous equations from empirical data. A reference velocity, u,
is required to utilize this relationship. The value for this parameter is 61 m/s or 200 ft/s
depending on the unit convention of the other inputs.
0.4

ℎ𝑠
𝑢 0.13 𝑀𝑉 2
= 1.85 ( )
( 3 )
𝑑
𝑉
𝑑 𝑓𝑐

These relationships were developed based on V values between 16 and 312 m/s and an fc
between 23 and 45.5 MPa (Li et al. 2005).
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(2.40)

2.3.13

Haldar-Hamieh
This formula, shown in Equation 2.41 employs the use of an impact factor, Ia, which is

defined in Equation 2.42. If the value of Ia is less than 21, the NDRC spall limit relationships
(Equations 2.11 and 2.12) are to be utilized for analysis. The values for N* are the same as those
defined in the NDRC methodology are utilized in Equation 2.42 (Li et al. 2005).

ℎ𝑠
= 3.3437 + 0.0342 ∗ 𝐼𝑎 , 𝑓𝑜𝑟 (21 ≤ 𝐼𝑎 ≤ 385)
𝑑

(2.41)

𝑀𝑁 ∗ 𝑉 2
𝐼𝑎 =
𝑑 3 𝑓𝑐

(2.42)

where,

2.3.14

Adeli-Amin
This methodology utilizes the same Ia relationship from Haldar-Hamieh that was

discussed in the previous section. The Adeli-Amin formulas for spall and penetration are shown
in Equations 2.43 through 2.46.
ℎ𝑠
= 0.9060 + 0.3214𝐼𝑎 − 0.0106𝐼𝑎2
𝑑

(2.43)

𝑥
= 0.0416 + 0.1698𝐼𝑎 − 0.0045𝐼𝑎2 , 𝑓𝑜𝑟 0.3, 𝐼𝑎 , 4
𝑑

(2.44)

𝑥
= 0.0123 + 0.196𝐼𝑎 − 0.008𝐼𝑎2 , 𝑓𝑜𝑟 4 ≤ 𝐼𝑎 , 21
𝑑

(2.45)

𝑥
= 1.8685 + 0.4035𝐼𝑎 − 0.0114𝐼𝑎2 , 𝑓𝑜𝑟 0.3 < 𝐼𝑎 , 21
(2.46)
𝑑
These relationships were developed for V values from 27 m/s to 312 m/s, H0/d ratio between 0.7
and 18, M values between 0.11 and 343 kg, and d values greater than 0.3 m (Li et al. 2005).
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2.3.15

Hughes
This relationship utilized assumptions similar to those made by the NDRC to create non-

dimensional spall relationships shown in Equations 2.47 and 2.48 and the penetration depth
relationship shown in Equation 2.49. Like the Haldar-Hamieh methodology, an impact factor (Ih)
shown in Equation 2.50 is utilized when determining the penetration depth relationship in
Equation 2.49. However, this impact factor employs the tensile strength of the concrete (ft) in
lieu of fc. The dynamic increase factor (S), is detailed in Equation 2.51. Similar to previous
methods, a nose shape coefficient (Nh), captures the effect of the fragment or projectile nose. The
values associated with this coefficient in this methodology are 1.0, 1.12, 1.26, and 1.39 for flat,
blunt, spherical, and very sharp noses (Li et al. 2005).
ℎ𝑠
𝑥
𝑥
= 5.0 , 𝑓𝑜𝑟 ( < 0.7)
𝑑
𝑑
𝑑

(2.47)

ℎ𝑠
𝑥
𝑥
= 1.74 + 2.3, 𝑓𝑜𝑟 ( ≥ 0.7)
𝑑
𝑑
𝑑

(2.48)

𝑥
𝑁ℎ 𝐼ℎ
= 0.19
𝑑
𝑆

(2.49)

𝑀𝑉 2
𝐼ℎ = 3
𝑑 𝑓𝑡

(2.50)

𝑆 = 1.0 + 12.3 ∗ ln(1.0 + 0.03 ∗ 𝐼ℎ )

(2.513)

where,

and,

and,

The use of a dynamic tensile test to determine S has been found to cause incorrect predictions.
For this experimental series, ft was determined from the common American Concrete Institute
(ACI) relationship based on each respective concrete’s fc that is shown in Equation 2.52 (ACI
318-14).
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(2.52)

𝑓𝑡 = 0.56√𝑓𝑐
2.3.16

UFC-3-340-02
The Unified Facilities Criteria (UFC) 3-340-02 (2008) provides an empirical approach

for predicting the spall response of concrete elements. This methodology is based on
experimental data and empirical relationships developed by McVay (1988). In addition,
Marchand et al. (1994) revisited McVay (1988) and others to provide increased accuracy of the
predictive models created and suggested other parameters including casing thickness, strain rate
effect on strength associated with scale size of experiments, and cylindrical charge shape effects
on impulse are considered in spall and breach analysis.
The prediction of spall is made by extrapolating a threshold curve from the relationship
shown in Equation 2.53 that is plotted as a function of a spall parameter and the ratio of target
thickness (h) to R. The spall/breach parameters (φ) defined in Equation 2.54 for non-contact
charges and Equation 2.55 for contact charges takes R, fc, adjusted charge weight (Wadj), and
steel casing weight (Wc) from a cased munition into consideration. The actual charge weight is
adjusted to Wadj, which is the weight of a hemispherical charge that produces an equivalent
impulse as the actual charge.
ℎ
1
=
𝑅 −0.02511 + 0.01004𝜑 2.5 + 0.13613𝜑 0.5

(2.53)

where,
1

𝜑𝑛−𝑐

3
𝑊𝑎𝑑𝑗
−0.353
= 𝑅 0.926 𝑓𝑐0.266 𝑊𝑎𝑑𝑗
(
)
𝑊𝑎𝑑𝑗 + 𝑊𝑐

(2.54)

for non-contact charges, or
−0.341
𝜑𝑐 = 0.527 𝑅 0.972 𝑓𝑐0.308 𝑊𝑎𝑑𝑗
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(2.55)

for contact charges. More information on this conversion can be found in UFC-3-340-02. The
function produced by Equation 2.54 delineates between a spall and the absence of spall and is
commonly plotted with another function that delineates between a breach response and a spall
response which is discussed in Section 2.4.4.
2.3.17

UMIST
The UMIST methodology, shown in Equations 2.56 through 2.61, provides the ability to

predict penetration depth and spall due to impact from fragments with varying nose shapes. This
particular methodology utilizes only SI units. The spall relationships defined by these
relationships are dependent on the h/d ratio.
𝑥
2 𝑁∗𝑀 𝑉2
=( )
𝑑
𝜋 0.72𝜎𝑡 𝑑 3

(2.56)

𝜎𝑡 = 4.2𝑓𝑐′ + 135 + (0.014𝑓𝑐′ + 0.45)𝑉

(2.57)

where,

The energy required to produce spall (ESP) is defined by
𝐸𝑆𝑃
𝑁∗
ℎ
ℎ 2
ℎ
(
)(
) = −0.05441 ( ) + 0.01386 ( ) , 𝑓𝑜𝑟 < 5
3
𝑛𝜎𝑡 𝑑
0.72
𝑑
𝑑
𝑑

(2.58)

𝐸𝑆𝑃
𝑁∗
𝜋 ℎ
ℎ
(
)
(
)
(
=
−
4.3)
,
𝑓𝑜𝑟
≥5
𝑛𝜎𝑡 𝑑3 0.72
4 𝑑
𝑑

(2.59)

3 𝑑
𝑑
𝑑
0.5 + ( ) 𝑟𝑡 , 𝑓𝑜𝑟 < √
8 𝐶𝑟
𝐶𝑟
𝑑𝑟

(2.60)

3
𝑑
𝑑
𝑑
0.5 + (√ ) 𝑟𝑡 , 𝑓𝑜𝑟 ≥ √
8
𝑑𝑟
𝐶𝑟
𝑑𝑟

(2.61)

and

where
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The rebar diameter is represented by dr, the spacing of the reinforcement is given by Cr, and rt is
the total bending reinforcement in the concrete element. These relationships have been verified
for 50 < d < 500 mm, 35 < M < 2500 kg, 0 < x/d < 2.5, and 3 < V < 66.2 m/s. The values for N*
are the same as those utilized in previously discussed methodologies (Wen and Xian 2015).
2.4

Review of concrete breach response due to contact charge detonation or projectile
impact
Studies that included the ability to predict breach of a concrete element were assembled.

This review focuses on establishing the scope of the existing predictive methodologies created to
evaluate the breach performance of reinforced concrete elements. The notation associated with
the variables in each relationship discussed are defined in Table 2.2. Some of the empirical
relationships only utilize either customary or SI units. In these instances, only the applicable
units are included. Any coefficients are discussed with their respective relationship as required.
The information included in section 2.4 was published as part of Brown et al. (2020a).
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Table 2.2

Breach Empirical Formulae Notation

Notation
b
C
Cb
Cb-g
D
fc
H
h
hcm
K
K0
P
Q
Q0
R
Rb
X

c
n−c
c

2.4.1

Parameter
width of contact charge
tamping factor
charge mass
charge mass in grams
diameter of breach throat
compressive strength of concrete
height of contact charge
thickness of target
thickness of target in centimeters
material factor
specific mass of target relative to TNT
Charge weight
charge mass
specific energy of detonation
explosive standoff distance
breaching radius
radius of explosive cone
explosive cone slope angle
spall parameter for contact charges
spall parameter for non-contact charges
density of concrete
density of explosive

Units
Customary
--------------ft.
------lbm.
----ft.
ft.
-------------

SI
m
--kg
g
m
Pa
m
m
cm
--kg/m3
--kg
J/kg
m
--m
deg.
----kg/m3
kg/m3

McVay
As previously discussed, McVay (1988) established the ability to predict spall

performance due to cased and uncased munition detonation. In addition to spall, these
relationships can be utilized to determine the breach performance of concrete elements subjected
to the detonation of either cased or uncased munitions. Similar to the spall relationships, these
breach equations have been modified through further research, such as Marchand et al. (1994).
The modified relationships are utilized in the current Unified Facilities Criteria (UFC) document
3-340-02 published by the U.S. Department of Defense, which is discussed in Section 2.4.4
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2.4.2

Lonnqvist
Lonnqvist (1993) developed a relationship that models the correlation between the mass

of a hemispherical contact charge and the diameter of the breach throat (D) in concrete elements
using dimensional analysis of experimental results. The relationship, shown in Equation 2.62,
utilizes the characteristics of the explosive, such as mass (Q), density (0), the specific energy of
detonation (Q0), along with the target fc, thickness (h), and density of the target concrete (c), to
estimate the diameter of the breach throat. Note that this equation was developed using
experimental data from hemispherical contact charges.
𝐷
𝑄𝑄0 𝜌0
) − 1.11
= 0.919 ln ( 3
ℎ
ℎ 𝑓𝑐 𝜌𝑐
2.4.3

(2.62)

Morishita et al.
Morishita et al. (2004) developed empirical relationships to predict breach performance

based on regression analysis of experimental data from their series of contact charge tests as well
as from McVay (1988). This relationship, shown in Equation 2.63, utilizes the thickness of the
concrete element (hcm) with units of centimeters and the weight of a cylindrical charge (Cb-g) in
grams to determine local breach effects.
ℎ𝑐𝑚
3

√𝐶𝑏−𝑔

2.4.4

=2

(2.63)

UFC 3-340-02
Similar to the spall response prediction methodology discussed in Section 2.3.12, UFC 3-

340-02 (2008) provides an empirical approach for predicting the breach response of concrete
elements. This breach methodology is based on the same experimental data and empirical
relationships utilized to create the spall response equations discussed in the previous section. The
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relationship that is extrapolated to produce the threshold spall to breach curve is shown in
Equation 2.64.
ℎ
1
(2.64)
=
𝑅 0.028205 + 0.144308𝜑 + 0.049265𝜑 2
Similar to the spall versus no spall threshold, Equation 2.64 is plotted as a function of a breach
parameter and the ratio of target thickness to explosive stand-off (R). The spall/breach parameter
(φ) is the same for breach and spall and is calculated using Equation 2.54 or 2.55 for contact and
non-contact charges, respectively.
2.4.5

Remennikov et al. (2015) and Remennikov et al. (2018)
Remennikov et al. (2015) and Remennikov et al. (2018) developed an analytical model to

evaluate the explosive breaching of concrete and masonry walls. The mass of the contact charge
required to breach a wall (Cb) is given by Equation 2.65. This methodology utilizes a spall size
coefficient (n), shown in Equation 2.66, which considers the slope of the side of a truncated cone
() that is related to the explosive geometry and the cone radius (X). In addition, a shape
coefficient (μ) is also utilized, shown for a cylindrical charge in Equations 2.67 and 2.68, to
represent the effect of the contact charge shape on breaching performance where the height (H)
and width (b) of the charge.
𝐶𝑏 = 𝐾0

𝑛2 3
ℎ
𝜇

(2.65)

𝑋
ℎ

(2.66)

where,
𝑛 = 𝑡𝑎𝑛𝛼 +
and,
𝜇 =1−2

𝐻 4𝐻 2
𝑏
+ 2 𝑓𝑜𝑟, ( ≥ 2)
𝑏 3𝑏
𝐻
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(2.67)

𝜇=

𝑏
𝑏
𝑓𝑜𝑟, ( ≤ 2)
6𝐻
𝐻

(2.68)

The specific mass of the target relative to TNT explosive (K0) and h are considered in this
relationship. This model can be used in conjunction with other relationships that predict the
breach throat area and crater dimensions due to a contact charge detonation. The model was
validated against field experiment data where contact charges were detonated on concrete
elements.
Remennikov et al. (2015) also provides another methodology to determine the charge
weight required to breach a concrete element shown in Equation 2.69,
𝑃 = 𝑅𝑏3 𝐾𝐶

(2.69)

where the explosive charge weight (P), the breaching radius (Rb), the material factor (K), and the
tamping factor (C) are required. K represents the strength, hardness, and mass of the material and
is selected based on the breaching radius for a specific charge and target geometry. The values
for each of these inputs are shown in Table 2.3. Note that for external contact charges, Rb is
equal to the thickness of the target being breached.
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Table 2.3

Material Factor (K) for select materials (Remennikov et al. 2015)

Material
Poor quality masonry
Good quality masonry
Concrete block

Dense concrete
High quality masonry

Reinforced concrete

Breaching Radius (Rb)
Less than 1.5m
1.5m or more
0.3m or less
Over 0.3m to less than 0.9m
0.9m to less than 1.5m
1.5m to less than 2.1m
2.1m or more
0.3m or less
Over 0.3m to less than 0.9m
0.9m to less than 1.5m
1.5m to less than 2.1m
2.1m or more
0.3m or less
Over 0.3m to less than 0.9m
0.9m to less than 1.5m
1.5m to less than 2.1m
2.1m or more

Material Factor (K)
0.32
0.29
0.88
0.48
0.40
0.32
0.27
1.14
0.62
0.52
0.41
0.35
1.76
0.96
0.80
0.63
0.54

The tamping factor (C) in Equation 2.69 represents the charge location and how it is
secured on, or in, the target. Values for this variable range from 1.0 to 3.6 for different
configurations and are shown in Figure 2.1.

Figure 1.1

Tamping Factor (C) for select charge orientations
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2.5

Review of computational modeling capabilities of concrete breach response due to
impact, contact and close-contact charge detonation
Studies that included the creation or evaluation of numerical models to analyze breach

due to fragment impact or contact charge detonation are discussed. This review focuses on
establishing the scope of the existing ability of numerical models to simulate the breach response
of reinforced concrete targets of varying thicknesses and compressive strengths made with and/or
without fiber reinforcement. The modeling capabilities analyzed are often developed based on
experimental data. In these instances, pertinent experimental information is also provided. The
information included in Section 2.5 was published as part of Brown et al. (2020a).
2.5.1

Kraus et al.
Kraus et al. (1994) presented a finite element model that can evaluate the damage caused

to a concrete element due to a contact charge detonation. A coupled Eulerian-Lagrangian
formulation was utilized in the finite-element code AUTODYN to model the high-velocity
expansion of the gaseous products and the concrete structure, respectively. The model was
evaluated by simulating field experiments on 22-cm-thick concrete slabs with an fc from 35 MPa
to 38 MPa with an explosive mass of 1 kg TNT detonated in contact with the concrete surface.
The response produced due to experimental contact detonation was compared to the numerical
simulation results. However, due to a 1 millisecond simulation time limit, the numerical model
was only able to evaluate the beginning of the penetration event. Therefore, the breach response,
which occurs later in the reaction timeline than 1 ms, could not be compared to the experimental
results. However, the experiment and computational model produced similar results of
detonation earlier in the timeline, including the formation of the initial crater on the face of the
slab where the contact charge was detonated.
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2.5.2

Zhou and Hao
Zhou and Hao (2009) developed simulations of concrete slabs being damaged due to

contact charge detonation using a mesoscale model. This type of simulation models the concrete
as two different phases that include high strength aggregate and low strength mortar mix. Two
different random aggregate distributions were utilized. The mesoscale model was combined with
a dynamic plastic damage material model in AUTODYN, and the results were utilized to
estimate damage using an image analysis program. The damage produced by the different
aggregate models were compared and the mesoscale model was compared to the results of a
single-phase concrete material model.
2.5.3

Akers et al.
Akers et al. (2011) evaluated novel wall-breaching systems and numerical techniques to

model the beaching systems’ interaction with a reinforced concrete element. The primary goal of
the numerical effort was to evaluate and validate the predictive capability of the concrete
constitutive model and algorithms. A coupled Eulerian-Lagrangian formulation was utilized in
the finite-element code called Zapotec. Concrete was simulated using the microplane model,
while the reinforcement was simulated using the Johnson-Cook (JC) constitutive model. The
simulations were found to be able to reproduce the damage and breach holes on 20.3-cm-thick,
double-reinforced concrete walls observed during experimentation with contact charges of
varying weights and geometries.
2.5.4

Puryear et al.
Puryear et al. (2012) utilized LS-DYNA’s Arbitrary Langrangian-Eulerian (ALE)

analysis capability to develop a computational model of concrete columns against contact or
near-contact charges. Damage to the reinforced columns was quantified and characterized using
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a feature of the constitutive model called the scaled damage measure. The model was validated
using experimental data related to spall and breach thresholds of reinforced concrete slabs as
well as explosive loading against reinforced columns. The model was then utilized to create a
fast-running algorithm to allow for quick analysis of the performance of concrete columns
against this type of event.
2.5.5

Wang et al.
Wang et al. (2013) analyzed the response of reinforced, 40-mm-thick concrete slab

elements to close-in explosive detonation using numerical models and experimental data. The
explosive weight was between 0.2 and 0.55 kg and was positioned approximately 0.4 m from the
slab face. The experiments were modeled computationally using a three-dimensional solid model
with explicit reinforcement and concrete materials. Damage to the slabs was analyzed according
to element erosion parameters and was found to show agreement between the model and the
experimental results. Damage quantification criteria were developed from the experimental and
computational data for varying levels of severity. This study also found that the failure mode of
the slab transitioned from flexural to punching shear as the contact charge size was increased and
the slab thickness remained constant.
2.5.6

Li and Hao
Li and Hao (2014) numerically examined the spall damage of concrete columns subjected

to close-in blast loads. The computational models created were verified with blast testing data
generated through other research initiatives. A sensitivity analysis was carried out to evaluate the
effect of column dimensions and reinforcement on spall performance. Several empirical
relationships were suggested to evaluate spall performance for different explosion scenarios
based on the numerical simulations created. The study found that spall damage in columns was
35

insensitive to element stiffness and column boundary conditions. However, increasing column
depth, and increasing the density of reinforcement and confinement of the column, were found to
be effective means to reduce spall response.
2.5.7

Li et al.
Li et al. (2015) studied the response of NSC and ultra-high-performance-concrete

(UHPC) slabs when subjected to 1 kg of explosive in contact with the slab surface. The slabs
tested were approximately 10-cm-thick and were designed with two mats of reinforcing steel.
Numerical modeling of the contact explosive detonation was conducted and compared to the
experimental results. The numerical models were executed in LS-DYNA and found to accurately
represent the damage produced in the field experiments. In addition, the study noted that the
fiber-reinforced UHPC had significantly less damage than NSC elements with the same shape
and reinforcement.
2.5.8

Kong et al.

Kong et al. (2016) modified the Holmquist, Johnson, and Cook (HJC) concrete material
model for improved numerical simulations of local impact response, including spall. Four
modifications to the HJC model including a modified yield surface, the introduction of tensile
damage, the introduction of Lode-angle dependency, and modified strain-rate effect, were
implemented in LS-DYNA. The improved performance of the modified model was demonstrated
by comparing the unmodified and modified HJC model predictions of several projectile
perforation experiments. These tests impacted concrete elements of varying thicknesses with
ogive-nose, cylindrical projectiles having varying masses and impact velocities. The improved
HJC model was found to better represent experimental results relative to the conventional HJC
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model. The fracture strain and dynamic increase factor for tension were found to be critical to
accurately model the spall response.
2.5.9

Hong et al.
Hong et al. (2017) modified the Karagozian and Case (K&C) material model to develop

the ability to model concrete targets under loads due to contact explosion. The K&C model was
modified by changing the tensile damage accumulation, the dynamic increase factor for tension,
and the relationship between yield scale factor, and the damage function in LS-DYNA. The
computational model was compared to experimental testing of 40-cm-thick unreinforced
concrete targets with an fc of 103 MPa. The testing was intended to specifically evaluate
cratering and spall responses of the targets. A sensitivity study was conducted comparing the
model to the experimental results to determine the appropriate dynamic increase factor and
tensile damage accumulation input. This study found that the proposed tensile damage
accumulation generally follows experimental data compared to the original K&C model, which
overestimated the fracture energy during high strain rate events such as contact charge
detonation.
2.5.10

Kong et al.
Similarly, Kong et al. (2017) also modified the K&C concrete material model for

improved numerical simulations local impact response, including breach. The modifications
made to the K&C model in this study related to the strength surfaces, the dynamic increase factor
for tension, the relationship between yield scale factor and damage function, and the tensile
damage accumulation were implemented in LS-DYNA. The improved performance of the
modified model was demonstrated by comparing the modified and unmodified K&C model
predictions of several projectile perforation experiments using ogive-nosed, cylindrical
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projectiles into concrete elements with varying thicknesses (Wu et al. 2015). Details of target
properties and other pertinent information from this experimental series are discussed in Section
2.2.16.
2.5.11

Pereira et al.
Pereira et al. (2018) provided improvements to the effective-rate-dependent non-local

damage model to simulate concrete element response to the impact from a mushroom-shaped
projectile by adding hydrostatic damage to the model. The experimental study utilized to
calibrate the model was discussed in section 2.2.11. The new isotropic damage model created
was evaluated in LS-DYNA as a user-defined material model against the experimental results.
The changes to the model allow for the numerical simulation of impact to accurately predict
local failure, including the spall response when the projectile velocity and plate thickness were
varied.
2.5.12

Neto and Doz
Neto and Doz (2019) evaluated reinforced concrete slab elements against the explosive

effects of a contact charge with a cylindrical shape. This study utilized a finite element model
created in AUTODYN to analyze the damage pattern in the slab. Specifically, the crater
dimensions, break through hole (referred to as the breach throat herein), and the distal face spall
response. The model was calibrated according to experimental contact charge detonation data on
8-cm-thick concrete slabs produced by another research effort (Beppu et al. 2010). The charge
geometry was found to have a notable impact on how the energy from detonation is distributed
and the subsequent damage induced in the concrete element. In addition, this study illustrated
that a computational model could be utilized to simulate a complex reaction such as a contact
charge detonation against a reinforced concrete slab.
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2.6

Summary of literature and practice review
A review of literature spanning over 70 years illustrated that while many fragment shapes

and types have been experimentally and numerically evaluated, the effect of an impact from a
fragment with a high-aspect ratio has not been extensively studied. Thus, the ability of the
existing methodologies to predict the penetration depth and spall performance of a concrete
element when impacted by this type of fragment has not been evaluated. Similarly, there is no
simple, quick way to determine if a high-aspect ratio fragment at a specific velocity will result in
a breached condition.
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CHAPTER III
MATERIALS TESTED AND TARGET DESIGN
3.1

Overview of materials tested and target design
The targets tested in this research effort were constructed using four different concrete

mixtures. One NSC and two high strength concretes (HSC-A and HSC-B) were utilized. HSC-B
was made with fiber reinforcement (HSC-B-F), for a total of four mixtures. Two types of targets
were cast to be impacted with the two different fragment types. The high-aspect ratio fragment
tests were conducted using duplicate slabs with thicknesses of 15.2 cm, 20.3 cm, and 25.4 cm
that were placed with each of the four materials, making 24 slabs in all. The common aspect ratio
experimentation was conducted using over 140 unreinforced cylindrical specimens with
thicknesses between 5.1 cm and 35.6 cm that were also cast using each of the four materials. The
target design parameters, quantities, and mixtures utilized to cast the specimen discussed. The
compressive strength (fc) of the concrete materials was determined from field cured cylinders
tested according to ASTM C39.
The design compressive strength (f’c) of the NSC material was 24.1 MPa at 28 days from
placement with the average 28-day fc being approximately 28.7 MPa. A ready-mix producer
local to the Vicksburg, Mississippi area was utilized to batch and deliver the material to ERDC.
The slabs cast with this material were internally vibrated for proper consolidation. Placement of
this material occurred in a covered area and the slabs were wetted twice daily for seven days
post-placement. NSC utilized an ASTM C1157 portland-limestone cement (PLC) with no
supplementary cementitious materials (SCMs). The coarse aggregate utilized was a No. 89
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limestone and the fine aggregate was sand. Both a hydration stabilizer and a high range water
reducer were utilized in these mixes. Photographs taken during the placement of the NSC
material and after the placement was completed are provided in Figures 3.1 and 3.2.

Figure 3.1

NSC slab placement conducted at ERDC

Figure 3.2

NSC slab placement completed

41

3.1.1

HSC-A
The f’c of the HSC-A material was 93.1 MPa at 28 days from placement with the average

28-day fc being approximately 100 MPa. A ready-mix producer from Niceville, Florida was
utilized to batch and deliver the material to Eglin Air Force Base (AFB) for placement. Internal
vibration was utilized to ensure proper consolidation. The slabs cast with this material were
placed and cured outside. Upon reaching their 28-day strength, the slabs were transported from
Eglin AFB to ERDC’s BBTS in Mississippi for testing. HSC-A utilized ASTM C150 Type I/II
cement along with silica fume and class F fly ash as supplementary cementitious materials. The
coarse aggregate utilized was a No. 89 limestone and the fine aggregate was natural sand. Both a
hydration stabilizer and a high range water reducer were utilized when batching the material.
Photographs taken during the placement of the HSC-A material and after the placement was
completed are provided in Figures 3.3 and 3.4.

Figure 3.3

HSC-A placement conducted at Eglin, AFB
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Figure 3.4

3.1.2

HSC-A placement completed

HSC-B
The f’c of this material was 98.2 MPa at 28 days from placement with the average 28-day

fc being approximately 107.6 MPa. HSC-B was batched at a commercial precast facility in Moss
Point, Mississippi. The slabs were consolidated utilizing a vibrating screed and cured for 7 days
in a covered area before being moved outside for the remainder of the 28 days. Upon reaching
their 28-day strength, the slabs were moved from the commercial facility to ERDC’s BBTS for
testing. HSC-B utilized ASTM C150 Type I/II cement along with silica fume and metakaolin as
supplementary cementitious materials. There was no coarse aggregate utilized in HSC-B with the
largest particle being the natural sand fine aggregate. The admixtures utilized in the mixture
included a hydration stabilizer, defoamer, and a high range water reducer. Photographs taken
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during the placement of the HSC-B material and after the placement was completed are provided
in Figures 3.5 and 3.6.

Figure 3.5

HSC-B placement conducted at Tindal Precast

Figure 3.6

HSC-B placement completed
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3.1.3

HSC-B-F
HSC-B-F is the same material as HSC-B with fiber reinforcement included. This mixture

was produced at the same location and in the same manner as HSC-B. The fibers utilized, shown
in Figure 3.7, were 0.2x13mm brass-coated steel with hooked ends and were included at a
proportion of 2% by volume. The fibers were that last constituent mixed into the concrete. After
the material had been batched and moved into a truck for placement, the fibers were conveyed
into the back of the truck and mixed into the concrete. The fc of this material at 28-days was
approximately 126.9 MPa.

Figure 3.7

3.2

Fiber reinforcement utilized in HSC-B-F material

Slab target design and construction
The materials discussed above were utilized to create 24 reinforced concrete slabs with

thicknesses (TS) of 15.2 cm, 20.3 cm, and 25.4 cm for use with the high-aspect ratio fragment.
These thicknesses were selected to allow for penetration of the high-aspect ratio fragment into
the slab and the associated spall and breach response to occur without impactor perforation
through the slab. The slabs were 1.83-m by 1.83-m and were reinforced with 9.5-mm-diameter
grade 60 deformed steel bars. A concrete cover of 2.54 cm was provided, and reinforcement was
spaced so that a consistent reinforcement ratio was maintained between each different slab
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thicknesses. The 15.2-cm-thick slabs had a reinforcement spacing of 20.3 cm from center to
center of each bar. The reinforcement of the 20.3 cm and 25.4 cm thick slabs was spaced at 15.2
cm and 12.1 cm, respectively. The dimensions of the 15.2-, 20.3-, and 25.4-cm-thick slabs are
shown in Figures 3.8, 3.9, and 3.10, respectively.

Figure 3.8

15.2 cm thick slab dimensions and reinforcement spacing

Figure 3.9

20.3 cm thick slab dimensions and reinforcement spacing

Figure 3.10

25.4 cm thick slab dimensions and reinforcement spacing
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A general depiction of one of the 25.4-cm-thick slabs prior to concrete placement is
shown in Figure 3.11. The lifting points (LP) identified in the figure were placed at locations that
were well outside the location on the slab that was impacted by the high-aspect ratio fragment.
Based on the LP locations and their small size, the effects of their presence on the impact
response of the slab specimens were assumed to be negligible.

Figure 3.11

General reinforcement layout and LP locations

The inserts were tied directly to the steel reinforcement, as shown in Figure 3.12, so that
the top of the insert would be flush with the finished slab face. A small piece of plastic pipe as
well as a bolt fastened to a brace attached to the edge of the formwork were utilized to prevent
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concrete from entering the mechanism. This ensured the function of the threads after placement
and finishing had been completed.

Figure 3.12

3.3

Slab lifting point detail

Cylindrical target design and construction
The materials discussed in Section 3.1 were also utilized to create unreinforced concrete

cylinders with varying thicknesses for use in impact testing by fragments with more common
ratios. These specimens were confined using a piece of steel pipe with a wall thickness of
approximately 0.64 cm. This pipe was utilized as the formwork into which the concrete material
was placed. The pipe also provided radial confinement intactness of the target for post-test
analysis.
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Two types of targets were utilized to obtain different types of impact performance
information for each of the materials tested. One was utilized to determine the depth of
penetration (Dp) of the fragment into the material, while the others were intended to evaluate the
effect material type and element thickness and striking velocity (Vs) on the residual velocity (Vr)
following fragment perforation through the target. Impact velocities and target thicknesses were
selected based on the capacity of the gun system utilized to propel the fragments at velocities of
a range of several thousand m/s to obtain the Dp and Vs versus Vr (Vs/Vr) data points. Target
diameters were selected based on the diameter of the projectile being utilized to penetrate the
material in an effort to minimize edge effects for a simulated semi-infinite response. A target
diameter of approximately 32 times the projectile diameter was utilized. Two different types of
projectiles were incorporated in the test matrix including a 20-mm fragment simulation projectile
(FSP) and a 12.7-mm-diameter ball bearing (BB). A detailed discussion of the characteristics of
these common-aspect ratio fragments and the gun system utilized is provided in Chapter 5. A
general depiction of a cylindrical target is provided in Figure 3.13.
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Figure 3.13

3.4

Cylindrical target

Summary of materials tested and target designs
The different material information and slab characteristics discussed are summarized in

Table 3.1. The material type, fc, TS, MNA, slab number, and reinforcement information are
provided. Mixtures that did not include a coarse aggregate do not have a value listed in the MNA
column.
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Table 3.1

Summary of slab target characteristics

Material

fc
(MPa)

NSC

28.7

HSC-A

100

TS
(cm)

MNA
(cm)
0.95
0.95

15.2
HSC-B

107.6

---

HSC-B-F

126.9

---

NSC

28.7

0.95

HSC-A

100

0.95
20.3

HSC-B

107.6

---

HSC-B-F

126.9

---

NSC

28.7

0.95

HSC-A

100

0.95
25.4

HSC-B

107.6

---

HSC-B-F

126.9

---

Slab
1
2
1
2
1
2
1
2
3
4
3
4
3
4
3
4
5
6
5
6
5
6
5
6

Reinforcement

Top and bottom mats of 9.5 mm
bars spaced at 20.3 cm

Top and bottom mats of 9.5 mm
bars spaced at 15.2 cm

Top and bottom mats of 9.5 mm
bars spaced at 12.1 cm

The cylindrical specimen and associated materials are summarized in Table 3.2. The
variation in target numbers and lack of the larger HSC-B-F FSP targets is associated with
limitations in material constituents and funding constraints. Only the Vs/Vr could be evaluated
using the BB fragment for the HSC-B-F material. Several other testing techniques to characterize
the behind target effects of impact that precluded an accurate measurement of residual velocity
were utilized to evaluate additional targets of the same materials when impacted by the BB
fragment. These are listed as “Other” the test column in Table 3.2 and utilized targets of the same
size and construction as the BB Vs/Vr tests and are included in the mass loss analysis only.
51

Table 3.2

Summary of cylindrical target characteristics

Material Information
fc
MNA
Type
(MPa) (cm)

Density
(kg/m3)

NSC

28.7

0.95

2,354

HSC-A

100

0.95

2,387

HSC-B

107.6

---

2,388

HSC-B-F

126.9

---

2,515

Target Information
Diameter Depth
(cm)
(cm)
40.6
20.3
40.6
5.1
60.9
35.6
60.9
8.9
40.6
20.3
40.6
20.3
40.6
5.1
60.9
35.6
60.9
8.9
40.6
20.3
40.6
20.3
40.6
5.1
60.9
35.6
60.9
8.9
40.6
20.3
40.6
5.1
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Quantity
8
11
7
10
9
6
10
8
9
11
10
13
7
12
9
6

Frag. Test
BB
BB
FSP
FSP
BB
BB
BB
FSP
FSP
BB
BB
BB
FSP
FSP
BB
BB

Dp
Vs/Vr
Dp
Vs/Vr
Other
Dp
Vs/Vr
Dp
Vs/Vr
Other
Dp
Vs/Vr
Dp
Vs/Vr
Other
Vs/Vr

CHAPTER IV
HIGH-ASPECT RATIO FRAGMENT IMPACT EXPERIMENTATION AND RESULTS
4.1

Overview of research program
The experimental procedures discussed in this chapter were developed specifically to

assess the influence of fc, TS, and fiber reinforcement on penetration, spall, and breach
performance of concrete protective elements when impacted with a high-aspect ratio fragment.
This chapter includes the experimental setup and process, data collection methods, and other
techniques utilized to test and analyze the concrete materials and slab designs discussed in
Chapter 3. Test results are illustrated by photographs and data collected. The most relevant
information in this chapter was published as part of Brown et al. (2019).
4.2

Impactor calibration
Prior to conducting impact testing on the concrete elements, the velocity and flight

orientation of the high-aspect ratio fragment were calibrated. The calibration tests were intended
to determine an effective explosive/plate assembly for producing a shockwave into the slab via a
high-aspect ratio fragment impacting normal to the slab face. This was accomplished by
performing iterative detonations of the explosive/plate assembly. Composition-4 (C4) explosive
was used to drive the impactors. The explosive was formed in plastic cylindrical molds allowing
the charges to remain aligned before, and during, detonation. The diameter of the cylindrical
charge and mold was equal to the diameter of the steel impactor plates.
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The frame utilized to conduct the calibration tests is shown in Figure 4.1. The charge
assembly was placed on a piece of foam board (not shown in Figure 4.1) spanning between the
two pieces of lumber attached to the columns. An RP-83 exploding bridgewire detonator was
placed in the top at the center of the charge. The detonator was then connected to the firing line
of the firing system. After denotation, the plate fragments were captured by sand that was placed
in a vertical metal cylinder beneath the plate/charge assembly as shown in Figure 4.1. This
allowed most of the fragments and fragment pieces to be recovered and analyzed post-impact.
Fragment velocity was determined using striped poles to determine the plate velocity via highspeed camera footage. Each one of the stripes on the poles shown in Figure 4.1 are
approximately 30.5 cm wide. This distance was utilized as a benchmark in the high-speed video
to determine the approximate velocity of the fragment prior to impact.

Figure 4.1

Test setup for calibration experiments
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Four different materials were tested during the calibration series. These materials include
ASTM A36 steel, ASTM A514-T-1 steel, AISI 4140 steel, and AR 500 steel. Before the
calibration tests were conducted, Rockwell hardness tests were performed. The results of the
hardness tests are shown in Table 4.1 according to the impactor material.
Table 4.1

Rockwell harness of high-aspect-ratio fragment materials

Impactor Material
A36 Steel
A514-T-1 Steel
4140 Steel
AR 500 Steel

Rockwell Hardness
B80
C28
C39
C49

The impact velocity of the fragment was expected to be between 762 m/s and 1,067 m/s
for metal plates that weighed between 0.45 kg and 1.8 kg at impact. When utilizing C-4 to drive
metal plates, deformation and fragmentation of the plates cannot be prevented. Therefore,
calibration testing was utilized to determine an explosive and plate combination that consistently
limited plate deformation and fragmentation while providing flight stability and proper plate
orientation. A more consistent shock wave is induced in the slab when the impacting fragment
has a uniform, flat face with minimized fragmentation. This coupled with proper flight
orientation allows for more comparability between testing results.
Figure 4.2 illustrates a representative example of the pretest and posttest conditions of a
typical plate evaluated during the calibration process. In many cases, only the largest portion of
the fragment could be found by digging through the sand post-test. The fragmentation observed
in many of the plates prevented all pieces of the fragmented plates to be recovered and accounted
for in the loss of fragment mass. While the smaller fragments would distress the face of the slab,
their minimal size and oblique trajectory were not expected to affect the response of the slab
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relative to the nearly normal impact of the largest portion of the fragment. For these reasons,
only the mass of the largest fragment was evaluated as part of the posttest analysis in the
calibration experiments with the primary goal of achieving a consistent posttest mass. Using the
impactor shown in Figure 4.2a as an example, which is Calibration Test 4 (Cal 4) in Table 4.2,
the posttest weight, or the weight of the large fragment shown at the center of the picture on the
right, was 41% of the pretest weight.

Figure 4.2

Post-impact representation of condition of 1.27-cm-thick steel plates
Note – Length scale in photos: 1 in. = 2.54 cm

Table 4.2 presents the results of the calibration (Cal) experiments. A tiered system was
utilized to perform the calibration experiments. Tier I (Cal 1 through Cal 6) was a direct
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experimental comparison of the four materials, where each material was propelled using the
same explosive charge weight and plate diameter. In Tier I, 0.56 kg of explosive was utilized to
propel 7.62 cm, 1.27-cm-thick plates. All of the plates tested in Tier 1 weighed approximately
0.45 kg before detonation.
Table 4.2

Results of high-aspect-ratio plate calibration experiments

Tier

Test

Material

Charge
Weight
(kg)

Plate
Dia.
(cm)

Plate
Pretest
Weight
(kg)

Plate
Posttest
Weight
(kg)

Plate
Recovery
(%)

Velocity
(m/s)

I
I
I
I
I
I
II
II
III
III
III
III
III
III
III
III

Cal 1
Cal 2
Cal 3
Cal 4
Cal 5
Cal 6
Cal 7
Cal 8
Cal 9
Cal 10
Cal 11
Cal 12
Cal 13
Cal 14
Cal 15
Cal 16

A514-T-1
AISI 4140
AISI 4140
AR 500
A36
A36
A514-T-1
A514-T-1
A514-T-1
A514-T-1
A36
A36
A514-T-1
A36
A514-T-1
A36

0.57
0.57
0.57
0.57
0.57
0.57
1.13
0.28
1.57
1.57
1.57
1.57
2.57
2.18
1.10
1.10

7.62
7.62
7.62
7.62
7.62
7.62
7.62
7.62
10.8
10.8
10.8
10.8
15.2
15.2
15.2
15.2

0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.91
0.91
0.91
0.91
1.81
1.81
1.81
1.81

0.27
0.20
0.19
0.19
0.27
0.26
0.16
0.30
0.39
0.42
0.58
0.58
1.38
1.49
1.55
1.49

60
43
41
41
59
58
35
66
43
46
64
64
76
82
85
82

777
807
559
588
845
820
1,052
269
1,002
925
1,112
1,131
805
1,112
779
---

While all of the materials displayed meaningful mass loss, the posttest mass of the ASTM
A36 material and the ASTM A514-T-1 material were much greater relative to the weights of the
AISI 4140 and AR 500 materials, as shown in Table 4.2. Consequently, the AR500 and AISI
4140 were determined to be less effective than the ASTM A36 and ASTM A514-T-1 materials
for an explosively-driven high-aspect ratio fragment. This is likely due to the fact that the AR500
and AISI 4140 are harder materials according to the Rockwell hardness test results shown in
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Table 4.1. Increased hardness likely increases the propensity of the material to produce brittle
fracture. Furthermore, the lower hardness values of the ASTM A36 and ASTM A514-T-1 steel
likely indicate that these materials are more ductile, and therefore produces less brittle fracture
during high-energy events, such as an explosion. This relationship between hardness and brittle
fracture is illustrated by the plate recovery percentage provided in Table 4.2. Additionally, the
more ductile materials were driven at a higher velocity.
The charge weight was the only variable that was changed during Tier II (Cal 7 and Cal
8). This was performed to determine the effect of charge weight on the impacting fragment. In
Tier II, A514-T-1 steel plates were exclusively tested for a focused assessment. The charge
weight was doubled to 1.13 kg relative to the 0.57 kg charge weight used in Tier I in Cal 7. The
increase in charge weight produced a noticeable increase in the extent of fragmentation with only
approximately 35% of the plate being recovered. Furthermore, only a marginal increase in
impact velocity was provided. Cal 8 was a 50% reduction of the 0.45 kg explosive charge weight
tested in Tier I. While the reduced charge weight produced less fragmentation in the A514-T-1
plate relative to the plates in Tier I, the velocity of 269 m/s was well outside the desired range of
762 m/s to 1,067 m/s.
The intent of the calibration tests performed in Tier III (Cal 9 through Cal 16) was to
understand how the diameter and mass of the impacting plate can affect fragmentation and
velocity. Given that A36 steel and A514-T-1 steel performed considerably better than the other
materials in Tier I, they were the only materials tested in Tier III. First, the diameter of the 1.27cm-thick plate was increased to 10.8 cm which produced an impactor that weighed
approximately 0.91 kg. These impactors were driven by 1.59 kg of C-4. A total of two tests were
conducted for both A36 and A514-T-1 for this particular plate and explosive combination. Both
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of the A36 steel plates had a 64% mass recovery while the A514-T-1 plates had an average mass
recovery of 44.5%. The approximate average velocity of the A514-T-1 plates was 963 m/s while
the approximate average velocity of the A36 plates was 1,121 m/s. Next, the diameter of the
1.27-cm-thick plate was increased to 15.24 cm producing fragments with a pretest mass of 1.81
kg. These plates were driven by 2.18 kg of C-4. For this particular charge weight and impactor
configuration, the mass recovery for A36 and A514-T-1 steel was 82% and 76%, respectively.
While the velocity of the A514-T-1 steel plates was 820 m/s, the velocity of the A36 steel plates
was nearly 305 m/s greater. Following these tests, the charge weight was reduced by
approximately 50% from 2.18 kg to 1.1 kg. The mass recovery was 85% for A514-T-1 steel and
82% for A36 steel. Due to a camera malfunction, the impact velocity was not recorded for the
A36 plates in this explosive/plate assembly. The velocity of the A514-T-1 steel plate was 779
m/s.
Based on the calibration testing discussed, the most effective assembly was the 15.2-cmdiameter by 1.27-cm-thick plate, weighing 1.81 kg, driven by a charge weight of 1.1 kg of C-4.
This plate and explosive configuration were able to provide minimal fragmentation while
maintaining a velocity within the range of 762 m/s and 1,067 m/s. The material that was selected
for impact testing was A514-T-1 steel. Even though the A36 steel was propelled at a higher
velocity and provided an elevated mass recovery in most explosive/plate assemblies, the A514T-1 steel had a higher mass recovery in the assembly that was selected for the impact
experiments. Variability is inherent in explosively driven impact experiments, and A36 steel
would likely also be effective in producing the desired plate velocity and orientation.
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4.3

High-aspect ratio fragment impact testing
The charge weight and shape found to be most desirable during the calibration process,

namely a 15.2 cm, 1.27-cm-thick A514-T-1 steel plate weighing 1.81 kg and propelled by 1.1 kg
of C4, were utilized to impact the slabs discussed in the previous chapter. The plate and charge
were supported approximately 3 m above the slab specimens by a 1.27-cm-thick commercially
available foam insulation board that spanned a wooden frame. The experimental setup, including
the slab support structure, camera poles, charge location, and support frame are shown with and
without the slab in Figure 4.3.

Figure 4.3

Test setup for impact experiments

The structure utilized to support the slabs during the impact testing consisted of timbers
stacked in a square. This orientation was selected to ensure the slab specimens were supported
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near the outside edges by the reaction structure while leaving the middle of the slab unsupported
where the penetration, spall, and breach response occurred. Each specimen was lifted onto the
stacked timbers using the four lifting points that were cast into the specimen discussed in the
previous chapter. After placement of the slab onto the reaction structure, the fragment was
propelled into the slab by initiating the charge via the firing line and RP-83 detonator.
Similar to the calibration test series, two striped photo poles adjacent to the slab were
utilized to determine the plate’s impact velocity (Vi) using video footage from two high-speed
cameras set up near the test location. The cameras were protected by shielding to prevent any
debris or the blast wave from affecting their performance. Each high-speed camera utilized the
same frame rate for direct comparisons. Following each impact test, the proximal slab face was
evaluated and results documented (i.e., measurements, photographs, etc.) before the specimen
was removed. After the slab was removed from the support structure, the spall performance on
the distal face was evaluated and documented. The foam board supporting the explosive charge
and plate assembly was replaced following each detonation. When damage due to repeated
explosions was severe enough, the dimensional lumber supporting the foam and charge were
replaced to ensure proper function. The timber columns used to support the dimensional lumber,
foam board, plate, and charge remained intact throughout the testing process.
An example of a typical high-aspect ratio impactor recovered following being explosively
driven into a slab specimen is shown in Figure 4.4. The curvature was assumed to be the result of
the explosive detonation coupled with the forces associated with impact and penetration into the
sand during the calibration shots or the slab during testing. Subsequently, the exact curvature of
the plate between detonation and impact could not be determined.
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Figure 4.4

High-aspect-ratio fragment post-impact
Note – Length scale in photos: 1 in. = 2.54 cm

4.4

Experimental results and analysis
Post impact photographs of each slab tested in the configuration shown in Figure 4.3 are

shown in Figures 4.5 through 4.7 according to slab thickness. Figure 4.5 includes the proximal
and distal face photographs of each 15.2-cm-thick slabs while Figures 4.6 and 4.7 display the
photographs of the 20.3 cm and 25.4-cm-thick slabs, respectively.
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Proximal

Distal

Proximal

NSC-1

NSC-2

HSC-A-1

HSC-A-2

HSC-B-1

HSC-B-2

HSC-B-F-1

HSC-B-F-2

Figure 4.5

Proximal and distal faces of 15.2-cm-thick slabs
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Distal

Proximal

Distal

Proximal

NSC-3

NSC-4

HSC-A-3

HSC-A-4

HSC-B-3

HSC-B-4

HSC-B-F-3

HSC-B-F-4

Figure 4.6

Proximal and distal faces of 20.3-cm-thick slabs
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Distal

Proximal

Distal

Proximal

NSC-5

NSC-6

HSC-A-5

HSC-A-6

HSC-B-5

HSC-B-6

HSC-B-F-5

HSC-B-F-6

Figure 4.7

Proximal and distal faces of 25.4-cm-thick slabs
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Distal

The damage incurred on each slab shown in Figures 4.5 through 4.7 can be attributed to
the shockwave induced by fragment penetration into the proximal face. This shockwave
attenuates as the stresses propagate through the slab eventually reflecting off of the distal face as
a tensile wave. A resulting spall reaction on the distal face occurred if the attenuated compressive
shockwave exceeded the capacity of the concrete. When the damage zone on the proximal face
due to fragment impact and the damage zone on the distal face due to spall intersect, an opening
defined herein as a breach throat, was created. While the breach response was noted in some of
the slab specimens, the high-aspect ratio fragment did not perforate, or completely pass through,
any of the slab specimens. The damage that was observed in the elements tested was solely from
the high-aspect-ratio fragment impact.
The total damaged area on the distal face (DAD) of each slab that did not display a breach
response was evaluated utilizing ImageJ image analysis software (National Institute of Health
2018). This program allows for a physical area in a photograph, depicted by the yellow line in
Figure 4.8, to be calculated. This software was also used to measure the area of the breach throat
(AT) in those slabs that presented a breached condition. When spall occurs, the damage pattern
can be described as a cone shape, with the spalled volume being greatest directly beneath the
impact zone and decreasing when moving away from the impact point. Therefore, a theoretical
spall cone (CV-T) that represented an estimate of the spall ejecta produced due to impact from the
high-aspect-ratio fragment impact was determined. This CV-T value was calculated using
Equation 4.1 which includes the DAD value determined via ImageJ analysis in conjunction with
the depth of the spall (DS) measured on each of the slabs. The DS value was measured at the
deepest point of the spall damage zone beneath the center of the impact location.
1
𝐶𝑉−𝑇 = 𝐷𝐴𝐷 × 𝐷𝑆
3
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(4.1)

Figure 4.8

Photograph analysis using ImageJ

Table 4.3 provides a summary of the pertinent physical slab characteristics, fc, and
experimental results including Vi, DS, and depth of fragment penetration (DP) for each of the
slabs tested. For cases where breaching did not occur, CV-T is provided. Conversely, AT is
provided when a breach response did occur. Similar to previous tables and figures, slabs with
fiber reinforcement are designated with an “F” at the end of the specimen name (e.g., HSC-B-F1).
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Table 4.3

Results of high-aspect ratio fragment impact testing

Slab

fc
MNA TS
Vi
DS
DP
CV-T
AT
(MPa) (cm) (cm) (m/s) (cm) (cm) (cm2)
(cm2)
NSC-1
28.7
0.95
15.2 657.7 ------516.2
NSC-2
28.7
0.95
710.8 ------406.5
HSC-A-1
100
0.95
716.9 ------374.2
HSC-A-2
100
0.95
790.3 ------400.0
HSC-B-1
107.6
--753.4 ------380.7
HSC-B-2
107.6
--754.3 ------335.5
HSC-B-F-1 126.9
--750.7 ------167.8
HSC-B-F-2 126.9
--758.3 ------161.3
NSC-3
28.7
0.95
20.3 727.2 ------387.1
NSC-4
28.7
0.95
817.7 ------393.6
HSC-A-3
100
0.95
780.0 ------154.9
HSC-A-4
100
0.95
822.9 ------187.1
HSC-B-3
107.6
--757.4 ------122.6
HSC-B-4
107.6
--816.2 14.0
6.4
7239.1 --HSC-B-F-3 126.9
--734.5 8.9
5.1
2451.8 --HSC-B-F-4 126.9
--808.0 8.3
5.7
2896.9 --NSC-5
28.7
0.95
25.4 789.4 8.3
6.4
4619.6 --NSC-6
28.7
0.95
751.9 7.6
6.4
4690.6 --HSC-A-5
100
0.95
754.7 8.9
6.0
4839.0 --HSC-A-6
100
0.95
712.6 8.9
5.7
4929.3 --HSC-B-5
107.6
--839.7 12.1
5.7
6355.2 --HSC-B-6
107.6
--798.5 13.3
6.0
5219.7 --HSC-B-F-5 126.9
--783.0 0.6
5.7
4.7
--HSC-B-F-6 126.9
--756.8 0
5.7
0
--The average and standard deviation of the Vi of all tests were approximately 764 m/and 42 m/s,
respectively. The average post-impact weight of the plate was 1.5 kg. Not all of the impactors
could be recovered to be weighed; however, the weights of the recovered plates were within 0.11
kg of each other.
4.5

Analysis of experimental results
The influence of compressive strength, member thickness, and fiber reinforcement on

spall and breach performance were evaluated. This was accomplished by utilizing the data
gathered from the techniques discussed previously via equality plots and other graphical
representations.
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4.5.1

Effect of thickness on spall and breach response
Increasing the member thickness has been found to reduce spall damage (Dancygier et al.

1996, Sovjak et al. 2013). This relationship has been attributed to the attenuation of compressive
waves while traveling through the member before reflecting off the free distal face as a tensile
wave. Increased thickness results in increased wave attenuation, thereby reducing the magnitude
of the reflected tensile wave. This behavior was displayed in the specimens in this test series as
thickness increased. Comparing the specimens without fiber reinforcement, each of the 15.2-cmthick slabs that were impacted by the high-aspect-ratio fragment displayed a breached condition
while none of the 25.4 cm slabs displayed a breached condition. However, in the 20.3 cm slabs,
fragment impact breached all NSC and HSC-A specimens while only one of the HSC-B
specimens displayed breach due to impact.
In addition to influencing the transition between breach and spall, increased thickness
also appeared to influence the size of the breach throat (AT) where the penetration and spall
damage zones intersect. The average AT values from each material type are displayed relative to
slab thickness in Figure 4.9. For example, the AT values (516 cm2 and 406 cm2) for the 15.2 cm
NSC slabs (NSC-1 and NSC-2 from Table 4.3) were averaged, and the resultant (480 cm2) is
shown in Figure 4.9. As the thickness increased, the AT values decreased.
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Figure 4.9

Breach throat area relative to thickness

The NSC, HSC-A, and HSC-B AT values decreased by an average of approximately 90.3 cm2,
219.4 cm2, and 238.7 cm2, respectively, when the thickness of the impacted element was
increased by 5.1 cm. The HSC-A and HSC-B values were 142% and 164% less, respectively,
than the values produced by the NSC specimen.
4.5.2

Effect of compressive strength on spall and breach performance
Prior studies have determined that elevated fc, similar to what is found in HSCs, improves

impact resistance (Dancygier et al. 2007, McVay 1988, Ohnuma and Nomachi 1985). However,
the use of HSC has also been found to increase the spall response of an element due to fragment
or projectile impact (Dancygier et al. 1996, Ohnuma and Nomachi 1985). This behavior has been
attributed to the increased brittleness associated with HSCs relative to NSCs (Dancygier et al.
2007). Because breach did not occur in any of the 25.4 cm specimens, the results from these
slabs were used to explore the relationship between fc and spall due to a high-aspect-ratio
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fragment impact. Slabs with fiber reinforcement were not considered in this evaluation, because
there were no other mixtures that included fibers to provide a comparison.
The average CV-T value for each 25.4 cm slab made without fiber reinforcement in Figure
4.10 illustrates that, in general, increased compressive strength results in increased spallation of
an element when impacted by a high-aspect-ratio fragment. Taking the 25.4 cm NSC tests (NSC5 and NSC-6 from Table 4.3) as an example, the values of CV-T for each slab (4,619 cm2 and
4,690 cm2) were averaged, and the resultant (4,658 cm2) is shown in Figure 4.10.

Figure 4.10

Compressive strength (fc) vs. theoretical cone volume (CV-T)

While the CV-T values indicate that compressive strength can increase the spall response,
the relationship is not linear, as evidenced by the large disparity between the HSC-A and HSC-B
materials in Figure 4.10. HSC-A and HSC-B have more similar compressive strengths than the
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HSC-A and NSC concretes, but display a greater disparity in spall response relative to the HSCA and NSC materials. This is indicative of the fact that material characteristics other than
compressive strength have a notable impact on spall response. In addition to the lower fracture
toughness associated with elevated fc, many other factors can have a notable influence on distal
face ejecta hazards due to impact including the elastic modulus and the tensile capacity of the
concrete. A change in the ratio of fine aggregate to cementitious material has been found to have
a great effect on these characteristics (Carey et al. 2020). Both the elastic modulus and tensile
strength of a concrete material can influence a concrete’s ability to resist tensile stresses induced
by impact shockwave reflection off the rear face of a protective element. Therefore, increased
elastic moduli and tensile capacity that can occur with or without a change in fc would likely
decrease the amount of ejecta produced by a protective structural element during an impact
event. The limited number of materials tested in this series of experiments prevents any
definitive conclusions from being drawn regarding what specific characteristic or characteristics
influence spall performance. Further research into these relationships is warranted.
Experimental data from this test series also indicates that the propensity of a material to
exhibit a breached condition due to impact by a high-aspect-ratio fragment is influenced by
compressive strength. The AT values produced by the NSC (28.7 MPa) specimens were greater
than those of the HSC-A (100 MPa) slabs. Furthermore, the smallest AT values occurred in the
specimens with the highest compressive strength, HSC-B (107.6 MPa). This was the case in both
the 15.2 cm 20.3 cm slabs, as shown in Figure 4.10.
4.5.3

Effect of fiber reinforcement on spall response
The inclusion of steel fiber reinforcement increases the ductility of HSC and has been

noted to enhance a concrete material’s impact resistance (Dancygier et al. 1996, Dancygier et al.
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2014), reduce penetration depth (Sovjak et al. 2013), and reduce impact crater diameter (Li et al.
2005). In addition, the presence of fiber reinforcement has been found to reduce the damaged
area on the distal face of an impacted member (Dancygier et al. 2007). This behavior was
observed when elements were impacted by a high-aspect-ratio fragment, as shown by comparing
the performance of the HSCs made with (HSC-B-F) and without (HSC-B) fiber reinforcement.
The HSC-B-F specimen displayed markedly lower distal face damage when compared to the
HSC-B specimen. In addition, the HSC-B-F displayed a breached condition only at the 15.2 cm
TS, while the HSC-B specimen without fiber reinforcement breached at both the 15.2 cm and
20.3 cm TS. Furthermore, the HSC-B-F slabs that did breach produced a much smaller breach
throat compared to the HSC-B specimens.
These relationships are illustrated by comparing the CV-T and AT for both the HSC-B and
HSC-B-F in the equality plots shown in Figure 4.11. The CV-T from the 20.3 cm HSC-B slab that
did not breach was utilized twice to compare to the 20.3 cm HSC-B-F slabs that did not breach.

Figure 4.11

HSC-B vs. HSC-B-F CV-T and AT
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On average, the 15.2 cm HSC-B-F slab breach throat (AT) was 193.6 cm2 smaller than
the HSC slab of the same thickness. Similarly, the CV-T values in the 20.3 cm and 25.4 cm.
HSC-B-F slabs were 4,567.7 cm2 and 6625.8 cm2 smaller than HSC-B slabs of the same
thickness, respectively. Note that these results pertain only to the brass-coated steel 0.2 x 13mm
hooked-ended fibers utilized.
4.6

Summary of high-aspect ratio fragment impact experimentation and results
The experimental procedure utilized to evaluate high-aspect ratio fragment impact

response was provided along with an analysis of the data gathered from these experiments. The
ability of existing methodologies to predict the penetration depth and thickness required to
prevent spall are evaluated in the following chapter.
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CHAPTER V
LOWER ASPECT RATIO FRAGMENT IMPACT EXPERIMENTATION AND RESULTS
5.1

Overview of research program
The findings discussed in this chapter were developed to assess the influence of impactor

aspect ratio, fc, and fiber reinforcement on the impact performance of concrete protective
elements when subjected to impact from a fragment with an aspect ratio lower than that of the
plate fragment analyzed in the previous chapter. This chapter includes the experimental
procedure, data collection methods, and other techniques utilized to test and analyze the concrete
materials and cylindrical target designs discussed in Chapter 3. Test results are illustrated by
photographs and data collected, many of which are published in Brown et al. (2020b).
5.2

Impactor information
As mentioned in Chapter 3, two different lower-aspect ratio fragments were utilized to

impact the cylindrical targets; namely the FSP and BB. The FSPs utilized were manufactured
using cold-rolled annealed steel and had a weight of approximately 53.8 g. The 12.7-mmdiameter BB were commercially available, hardened, impact-resistant S2 tool steel bearings with
a weight of approximately 8.3 g. A sabot was utilized to assist in obtaining consistent BB
fragment velocity and trajectory upon exiting the gun system. The BB fragment was included in
the test series to provide an indication of the performance of the target when impacted by a
smaller, hemispherical nosed fragment compared to the FSP, and to the high-aspect ratio
fragment discussed in Chapter 4. Pictures of the BB and FSP are included in Figure 5.1.
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a) 20-mm fragment simulating projectile
(FSP)

b) 12.7-mm-diameter ball bearing (BB)
fragment
Scale in photo: 1 in. = 2.54 cm

Figure 5.1
5.3

Low aspect ratio fragments

Experimental setup
The FSP and BB fragments were propelled into the targets using a Mann Barrel gun

system at the U.S. Army Engineer Research and Development Center (ERDC) Fragmentation
Simulation Facility. The velocity of each fragment was measured after exiting the barrel using a
set of chronographs, each connected to two light screens. These electronic “screens” are optical
sensors that send a signal to the chronograph when the fragment breaks the plane of their sensor
array. The light screens attached to each chronograph were positioned approximately 0.9 m apart
to capture projectile velocities. The four screens were positioned between the gun and the target
to provide an estimate of the impact velocity with the last screen being approximately 1.8 m
from the target.
The known distance between the light screens and the time between a fragment breaking
the sensor array plane were used to calculate impact velocities. To account for projectile
deceleration between the light screens and the target, the difference in the velocities measured
between the first and second pairs of screens, along with the distance between the pairs of light
screens and distance to the target, was used to calculate the impact velocity. This value was
determined assuming a constant linear decrease in velocity after the fragment arrives at the first
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light screen. The gun barrel that was utilized to conduct the shots was larger than the BB
diameter. Subsequently, a sabot was utilized. This device serves to keep a sub-caliber projectile
(i.e., BB in this case) properly positioned when traveling down the barrel to assist in obtaining
consistent fragment velocity and trajectory upon the fragment exiting the gun system. For these
shots, a sabot stripper prevented any sabot materials from being propelled down range into the
light screens and/or targets. These features are identified in the fragmentation simulation facility
photo and schematic provided in Figure 5.2. Two high-speed cameras (not shown in Figure 5.2)
were positioned adjacent to the test specimens to measure residual velocities and to capture the
rear face target response to the impact.
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Figure 5.2

ERDC Fragmentation Simulation Facility setup

All targets were mounted in a rigid steel fixture and impacted with 0-degree obliquity.
Photos representative of the condition of a post-impact specimen mounted in the steel fixture and
removed from the fixture are provided in Figure 5.3.
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Figure 5.3

5.4

Post-impact condition of a representative cylindrical target

Experimental results
Several different metrics were utilized to evaluate the impact performance of the

cylindrical targets as outlined in Table 5.1. These include the depth of penetration Dp as well as
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the Vs and Vr after the fragment has perforated the target. In addition, the loss of concrete mass
due to fragment impact was also evaluated. Each of these metrics are outlined in the following
sections.
5.4.1

Depth of fragment penetration (Dp)
The Dp of the BB into the 20.3-cm-thick targets, or the FSP into the 35.6-cm-thick

targets, was evaluated. In addition, several tests on the thinner targets during the Vs/Vr analysis
resulted in front and back face damage that did not intersect. The results from those tests are also
included in this section to further investigate the ability of these materials to resist penetration.
The Dp was measured from the face of the target to the bottom of the crater created by the
fragment impact. In many instances, the fragment ricocheted off the target after penetrating. In
those cases, the Dp was assumed to be the deepest part of the crater resulting from impact.
Fragments that remained embedded in the targets were extracted and the deepest location within
the crater was measured as the Dp. The target concrete material, diameter, and depth along with
fragment type and Dp are provided in Table 5.1. The Vs values provided for each test were
obtained using the chronograph system discussed in Section 5.3.
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Table 5.1
Material
NSC

Fragment penetration depth (Dp) for BB and FSP
fc
(MPa)
28.7

BB
Dia.
(cm)
40.6

Depth
(cm)
5.1
20.3

HSC-A

100

40.6

20.3

--HSC-B

107.6

40.6

5.1

20.3

5.4.2

Vs
(m/s)
548
596
1,831
1,833
1,835
1,835
1,848
1,849
1,657
1,807
1,817
1,823
1,828
1,857
----650
675
677
679
1,828
1,849
1,849
1,851
1,851
1,855

Dp
(cm)
2.5
2.8
9.9
9.1
9.7
9.4
9.9
9.7
5.8
7.1
6.9
7.4
6.6
6.6
----2.0
2.0
2.3
2.0
6.1
6.4
6.4
6.6
6.9
6.9

FSP
Dia. Depth
(cm) (cm)
60.9 8.9
35.6

60.9

8.9
35.6

60.9

8.9
35.6

-------

-------

Vs
(m/s)
472
1,789
1,812
1,827
1,828
1,829
1,836
--585
1,800
1,825
1,825
1,825
1,831
1,835
1,875
526
1,826
1,828
1,839
1,844
1,856
1,859
-------

Dp
(cm)
4.3
13.2
13.2
12.2
12.7
12.4
13.0
--3.3
8.9
9.1
9.7
8.9
9.1
8.4
8.9
3.0
8.6
8.6
7.9
7.6
8.9
7.6
-------

Fragment striking velocity versus fragment residual velocity (Vs/Vr)
The Vs before impact versus the Vr observed after perforation of the BB and FSP through

the 5.1-cm-thick and 8.9-cm-thick targets, respectively, were also evaluated. Each of these
velocities was measured using the chronograph system and high-speed camera system described
previously. The results of these tests are provided in Table 5.2 for both the BB and FSP.
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Table 5.2
Material

Fragment striking velocity versus residual velocity (Vs/Vr) for BB and FSP
fc
(MPa)

NSC

28.7

BB
Dia.
(cm)
40.6

HSC-A

100

40.6

5.1

HSC-B

107.6

40.6

5.1

HSC-B-F

126.9

40.6

5.1

Depth
(cm)
5.1

Vs
(m/s)
548
596
617
829
873
1,007
1,167
1,420
1,642
1,842
2,086*
697
717
746
752
873
1,042
1,199
1,376
1,553
1,847
650
675
677
679
719
764
787
841
1,258
1,347
1,589
1,823
2,079*
932
951
1,072
1,268
1,363
1,603
1,849
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Vr
(m/s)
0
0
0
106
160
302
468
657
771
816
800
0
0
4
27
55
223
376
504
605
805
0
0
0
0
0
0
22
28
383
469
625
778
326
0
37
53
182
464
539
591

FSP
Dia.
(cm)
60.9

Depth
(cm)
8.9

60.9

8.9

60.9

8.9

---

---

Vs
(m/s)
472
489
496
535
726
900
990
1,202
1,528
1,795
--623
631
638
935
1,064
1,255
1,356
1,500
1,747
--526
604
656
668
678
681
742
915
1,019
1,268
1,474
1,807
-----------------

Vr
(m/s)
0
0
0
11
125
245
253
423
489
616
--3
2
15
72
189
289
288
282
435
--0
0
0
0
0
3
12
91
101
229
362
402
-----------------

Those targets where the Vs was not of sufficient magnitude to result in perforation are
shown as having a Vr of 0 m/s. For reasons discussed previously, the FSP projectile was not
analyzed in conjunction with the HSC-B-F material. A transition from nearly rigid-body
penetration of the spherical fragment to large deformation or shattering of the projectile was
noted when Vs was in excess of approximately 1,860 m/s. The test cases where this was observed
are denoted using asterisks in Table 5.2.
5.4.3

Target mass and volume loss due to fragment impact
The loss of mass as a result of the impact from the BB fragments was also evaluated. The

FSP fragment was not utilized in this analysis. Evaluating the mass loss was accomplished by
weighing selected targets before and after impact from either of the projectiles. Only the Vs/Vr
targets could be evaluated due to limitations of the capacity of the scale used to weigh the
specimens. The scale did not have the capacity to weigh any of the FSP targets or the BB Dp
specimens. Specimens of the same size, made using the same materials, and impacted with the
BB fragment that were used to evaluate behind target effects (“Other” in Table 3.2) were also
included in the evaluation for mass loss. All specimens evaluated for mass loss are included in
Table 5.3 and 5.4. The diameter and depth of all the specimens evaluated for mass loss were 40.6
cm and 5.1 cm, respectively. To normalize the mass loss due to variation in density for the
different types of concrete, the mass loss data were multiplied by the measured density of each of
the concrete material to obtain volume loss with the results provided in Table 5.3.
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Table 5.3
Material

Mass and volume loss for targets impacted with BB – Part 1 of 2

NSC

fc
(MPa)
28.7

Density
(kg/cm3)
2,354

HSC-A

100

2,387

Vs
(m/s)
548
596
617
673
700*
711*
719*
721*
725*
740*
777*
778*
780*
829
873
1,007
1,167
1,420
1,642
1,842
2,086
697*
717
746
752
755*
783*
792*
800*
802*
818*
873
1,042
1,199
1,376
1,553
1,847

* indicates test method other than Vs/Vr
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Mass Loss
(kg)
0.24
0.38
0.29
0.35
0.32
0.33
0.40
0.33
0.45
0.29
0.27
0.43
0.30
0.42
0.33
0.29
0.38
0.43
0.59
0.73
0.79
0.56
0.59
0.66
0.49
0.68
0.62
0.62
0.50
0.53
0.57
0.54
0.60
0.70
0.76
0.90
0.94

Volume Loss
(cm3)
565.1
894.8
682.8
824.1
753.5
777.0
941.9
777.0
1059.6
682.8
635.8
1012.5
706.4
989.0
777.0
682.8
894.8
1012.5
1389.2
1718.9
1860.2
1336.5
1408.1
1575.2
1169.5
1622.9
1479.7
1479.7
1193.3
1264.9
1360.4
1288.8
1432.0
1670.7
1813.9
2148.0
2243.5

Table 5.4

Mass and volume loss for targets impacted with BB – Part 2 of 2

HSC-B

107.6

2,387

HSC-B-F

126.9

2,515

650
675
677
679
719
739*
747*
764
771*
774*
806*
830*
845*
868*
874*
902*
1,079*
1,258
1,347
1,589
1,823
2,079
776*
930*
932
936*
947*
950*
951
978*
1,072
1,849

0.47
0.41
0.34
0.40
0.45
0.34
0.48
0.54
0.53
0.53
0.60
0.59
0.54
0.56
0.57
0.63
0.50
1.00
0.79
0.94
0.83
1.04
0.08
0.41
0.23
0.24
0.24
0.26
0.34
0.26
0.26
0.41

1121.7
978.5
811.5
954.7
1074.0
811.5
1145.6
1288.8
1264.9
1264.9
1432.0
1408.1
1288.8
1336.5
1360.4
1503.6
1193.3
2386.7
1885.5
2243.5
1980.9
2482.1
201.2
1031.1
578.4
603.6
603.6
653.9
855.0
653.9
653.9
1031.1

* indicates test method other than Vs/Vr
5.5

Analysis of experimental results
The influence of compressive strength on the fragment Dp, perforation performance, and

mass loss due to impact were evaluated. This was accomplished by analyzing the data gathered
from the impact testing discussed previously using statistical analysis and other graphical
representations.
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5.5.1

Depth of penetration
The effect of compressive strength on Dp was evaluated by comparing measured data

from each of the materials against the Vs of the fragments. This comparison is illustrated
graphically for the BB and FSP in Figures 5.4a and 5.4b, respectively. The same graphical limits
were incorporated into each figure for a visual comparison of the two different fragment types.
These illustrations include all the data provided in Table 5.1.

Figure 5.4

BB penetration depth (Dp) versus striking velocity (Vs)

As illustrated in Figure 5.4a, the Dp of the BB into HSC-A and HSC-B at 1,830 m/s were
similar, with average Dp into the 35.6-cm-thick target found to be 6.7 cm and 6.6 cm,
respectively. However, both the HSC-A and HSC-B provided up to 30% improved penetration
resistance compared to the NSC at this velocity, where the average Dp of the BB fragment into
the 35.6-cm-thick targets was found to be 9.7 cm. The average Dp into the thinner 8.9-cm-thick
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targets at lower impact velocities followed a similar trend, with a value of 2.7 cm for the HSC-B
and 2.1 cm for the NSC material. The HSC-A material did not produce any targets during the
Vs/Vr analysis where the front and back face damage did not intersect. Therefore, a comparison
of lower velocity impact on the thinner targets of this material type could not be provided. These
average Dp values are summarized in Table 5.5. The Dp of the FSP into the HSC-A and HSC-B
also showed an approximate 30% increase in penetration resistance compared to the NSC
material at similar velocities (Figure 5.4b). The average Dp into HSC-A and HSC-B for the 35.6cm-thick targets at 1,830 m/s were 9.1 cm and 8.1 cm, respectively, while the NSC’s Dp was
12.7 cm on average. The Dp into the thinner 8.9-cm-thick targets at lower impact velocities
followed a similar trend, with the HSC-A, HSC-B, and NSC Dp values measured at 3.3 cm, 3.0
cm, and 4.3 cm, respectively. These were single data points associated with each material and
could not be averaged with other test results due to lack of Vs/Vr targets, where the front and rear
damage zones did not intersect.
Table 5.5
Material

Summary of fragment penetration depth (Dp) data and target information

BB
FSP
Target Depth Vs
Dp
Target Depth
(cm)
(m/s)
(cm) (cm)
NSC
28.7
5.1
572
2.7
8.9
20.3
1,839
9.7
35.6
HSC-A
100
5.1
----8.9
20.3
1,798
6.7
35.6
HSC-B
107.6
5.1
670
2.1
8.9
20.3
1,847
6.6
35.6
* indicates data taken from a single data point (not averaged)
5.5.2

fc
(MPa)

Vs
(m/s)
472
1,820
585
1,831
526
1,842

Dp
(cm)
4.3
13.0
3.3
9.0
3.0
8.2

Perforation behavior
The perforation resistance, or ability to prevent the fragment from completely passing

through the target, of each of the concrete materials was evaluated by analyzing the Vs versus Vr
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(Vs/Vr) data. This comparison is illustrated graphically for the BB and FSP in Figures 5.5a and
5.5b, respectively. These illustrations include all the data provided in Table 5.2. In order to draw
a general trend line for the concrete materials, the relationship between the Vs and the Vr was
assumed to follow a general form of a Lambert fit, which is commonly utilized for this type of
perforation analysis (Zukas et al. 1982). This relationship is shown in Equation 5.1,
0,

0 ≤ 𝑉𝑠 ≤ 𝑉𝑙

}
(5.1)
𝑉
>
𝑉
𝑠
𝑙
𝑙
where  and  are calibrated parameters and V𝑙 is the perforation limit velocity. This velocity is
𝑉𝑟 = {



(𝑉𝑠

1


− 𝑉 ) ,

nominally the minimum velocity to attain a Vr greater than 0. For the spherical fragment, the data
were calibrated only to points with Vr less than 1,860 m/s due to a transition observed from
nearly rigid-body penetration of the projectile to large deformation or shattering of the projectile
at higher impact velocities. The Lambert fit for each material is plotted along with the data points
for each material in Figure 5.5a and 5.5b

Figure 5.5

BB Vs/Vr
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Overall, as fc increased, the impact performance of the material also increased, and each
of the concrete materials displayed the same general trends when impacted by FSP and BB
fragments. The HSC-A and HSC-B materials were observed to produce lower residual velocities
than the NSC material and required a higher Vs to perforate the target. This is demonstrated in
the graphical illustration of the data provided in Figures 5.5a and 5.5b. While the HSC-A and
HSC-B materials perform decisively better than the NSC, the difference between HSC-A and
HSC-B was not as evident. As shown in Figures 5.5a and 5.5b, the results of the HSC materials
are very similar for each fragment type and essentially fall within the scatter of each other. These
results indicate that while fc has a notable impact on perforation performance, there is likely an
optimal fc somewhere between the NSC and HSC strengths where perforation benefits
associated with increased strength begin to diminish.
5.5.3

Loss of mass
The loss of mass, and subsequent loss of volume, was evaluated against BB fragment

impact velocity to assess the influence of fc, and the associated increased brittleness that
coincides with increasing fc, on the amount of ejecta produced by each material. This
relationship is illustrated graphically in Figure 5.6 using the data from Table 5.3. Despite the
notable scatter in Figure 5.6, especially at lower impact velocities, trends can be established for
each material. In general, as the concrete’s fc increases, the mass loss increases indicating an
increase in the volume of ejecta produced by an impact unless fiber reinforcement is present.
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Figure 5.6

Comparison of volume loss for different compressive strength concretes

This agrees with the relationships identified in prior studies and is believed to be at least
partly associated with the change in ductility of concrete materials as fc is increased (Dancygier
et al. 1996, Dancygier et al. 2014, Ohnuma et al. 1985). This is especially clear at higher Vs
levels in the NSC, HSC-A, and HSC-B. The inclusion of fiber reinforcement (HSC-B-F) notably
reduced volume loss and is discussed in detail in the following section. In addition to the lower
fracture toughness associated with elevated fc, many other factors can have a notable influence
on distal face ejecta hazards due to impact including the elastic modulus and the tensile capacity
of the concrete. A change in the ratio of fine aggregate to cementitious material has been found
to have a great effect on these characteristics (Carey et al. 2020). Both the elastic modulus and
tensile strength of a concrete material can influence a concrete’s ability to resist tensile stresses
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induced by impact shockwave reflection off the rear face of a protective element. Therefore,
increased elastic moduli and tensile capacity that can occur with or without a change in fc would
likely decrease the amount of ejecta produced by a protective structural element during an impact
event.
This evaluation is critical to understanding hazards that can be produced behind a
protective structural element. The increased brittleness associated with increasing fc along with
other factors discussed can result in the production of a greater amount of ejecta. This likely
increases the hazard behind the concrete element as evidenced by the graphical illustration of
volume loss in Figures 5.6a and 5.6b where increased volume loss indicates increased ejecta. In
some instances, this increase in ejecta may negate the benefits of increased penetration resistance
associated with elevated compressive strength depending on the concrete element thickness,
reinforcement, and other structural details. The relationships and how they relate to a specific
protective scheme should be considered during the design process.
5.5.4

Evaluation of fiber reinforcement on impact response
Given that only the Vs/Vr data could be evaluated using the BB fragment for the HSC-B-

F material, the influence of fiber reinforcement on penetration depth was not analyzed. However,
the data from the BB Vs/Vr tests demonstrate that the inclusion of fiber reinforcement in the
HSC-B-F concrete generally produced improved impact performance when compared to the
fiberless HSC-B. Fiber reinforcement has been found to increase the ductility of concrete
materials (Dancygier et al. 1996, Dancygier et al. 2014). Therefore, an improvement in impact
response is expected given that ductility increases with the inclusion of fiber reinforcement
thereby reducing the damaged area. This improvement for the impact scenario evaluated herein
is graphically illustrated in Figure 5.5a, where higher impact velocities were required to perforate
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the HSC-B-F specimens relative to that required to perforate the HSC-B specimens. As
illustrated in Figure 5.6, fiber reinforcement also notably decreased the mass that was lost in the
HSC-B material during impact. This reduction in mass loss indicates that fiber reinforcement
reduces the ejecta produced which reduces the hazard behind the protective element.
While the presence of fiber reinforcement decreased ejecta production during impact and
generally increased the perforation resistance of the HSC-B material, the magnitude of this
improvement in perforation resistance appears to be subject to variability. For example, at
velocities around 1,372 m/s, the measured Vr between the HSC-B-F and HSC-B are nearly
identical, whereas significant improvement is observed in the Vr around 1,070 and 1,850 m/s
impacts. Also, the Lambert fit of the HSC-B-F material shown in Figure 5.5a does not mirror the
data as closely as the other material’s Lambert functions due to the scatter in the data. This
inconsistent improvement in performance can likely be attributed to target-to-target variability in
the fiber-reinforced specimen among other potential issues.
Some of the known factors associated with fiber-reinforced concrete performance that
may be influencing the variability noted in the data include fiber orientation and preferential
fiber alignment. Orientation, alignment, and distribution of fibers are influenced by many
different aspects of the construction process including formwork geometry, concrete material
flow during placement, vibration techniques, casting method, and fresh-state concrete properties
(Laranjeira et al. 2012) and the effects of the fiber orientation on impact response and
performance could be notable. For instance, if an impact were to occur in an area where the
fibers are mostly oriented parallel to the impactor trajectory due to any of these factors, the stress
distribution through the section and subsequent strain pattern would be different than if the fibers
were mostly oriented perpendicular to the impactor trajectory. Similarly, if fibers are not
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dispersed uniformly throughout the concrete element, local impact performance could also be
affected where areas with less than optimal fiber reinforcement likely present decreased impact
performance. Therefore, while the overall trend may be improved impact response with the
inclusion of fiber reinforcement, a scenario where the impact occurs in an area where fiber
reinforcement is not optimally distributed and aligned is difficult to rule out and should likely be
considered when developing a protective design scheme.
5.6

Evaluation of aspect ratio on impact response
Comparing the lower-aspect ratio fragment experimentation discussed herein with the

high-aspect ratio fragment experimentation discussed in Chapter 4 provided an opportunity to
evaluate the general effects of aspect ratio on impact response for the same concrete mixtures.
Many characteristics other than the aspect ratio were changed between the high-aspect fragment
and the lower-aspect ratio fragments, including nose shape, target thickness, impact velocity,
projectile material, target configuration, etc. While these factors undoubtedly influence impact
response, the general influence of fragment aspect ratio on the local impact performance of a
structural member could still be evaluated.
Increased penetration resistance due to increased fc was much more apparent with lower
aspect ratio fragment impact versus that observed from high-aspect ratio fragment impact
(Brown et al. 2019). The Dp values for the same materials in a reinforced configuration provided
an approximate increase in penetration resistance of 8% when impacted with a high-aspect ratio
fragment versus 30% for the lower-aspect ratio fragments. The presence of reinforcement in the
high-aspect ratio targets is likely a key contributing factor to this difference; however, a highaspect ratio fragment is more likely to impact reinforcement due to the increased surface area
relative to that of these lower aspect ratio fragments. Therefore, the conservative approach from
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a protective structure design standpoint is to assume that the lower aspect ratio fragments
generated by an explosive event will not all impact in locations where reinforcement is present.
Based on this rationale and the data provided by impact from both types of fragments on the
same material, penetration depth appears to become a greater concern as the impacting fragment
aspect ratio decreases, and the nose of the impactor transitions from nearly flat to a more pointed
shape. This is intuitive given that the penetration depth of an impactor is inversely proportional
to its aspect ratio and that the penetrability of a fragment or projectile increases with increased
incising caused by increasingly convex nose shapes (Li et al. 2005).
Comparing the perforation performance of the two different fragment types also provided
general trends regarding the effect of aspect ratio. When these same materials were impacted by
a high-aspect ratio fragment at up to approximately 840 m/s, no perforation occurred as shown in
Table 4.3. However, the low-aspect ratio fragments perforated the NSC, HSC-A, and HSC-B
materials at similar Vs values (496 m/s to 764 m/s). This is expected, given the same factors
relating to fragment aspect ratio and penetration depth discussed in the previous paragraph. The
HSC-B-F material was perforated at approximately 932 m/s by the lower aspect ratio fragments.
This could make perforation a more critical protective design consideration as fragment aspect
ratio decreases, especially if fiber reinforcement is not included.
The volume of the spall cone produced on the distal face of a target slab constructed
using the same concrete materials discussed herein when impacted with a high-aspect ratio
fragment was evaluated in Section 4.5.2. Increased compressive strength was correlated with
increased spall cone volume and subsequently increased the production of ejecta. These data are
analogous to the volume loss presented, when the unreinforced targets were impacted with
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lower-aspect ratio fragments. Based on these results, elevated fc and the material characteristics
associated with higher fc results in elevated amounts of ejecta despite a change in aspect ratio.
These findings indicate that the failure of concrete elements is generally driven by
penetration and subsequent perforation when subjected to impact by a lower-aspect ratio
fragment with a more convex nose shape. Therefore, the influence of fc is more important when
attempting to protect from this type of fragment, with higher fc elements providing better
protection. Conversely, local failure associated with high-aspect ratio fragment impact is largely
due to spall and breach. Subsequently, the fc and associated ductility of the concrete member
material are important design considerations when attempting to protect from a high-aspect ratio
fragment impact. As stated previously, these broad generalizations are based on two data sets,
where many inputs were changed. Many other factors could also influence these relationships.
5.7

Summary of lower-aspect ratio fragment impact experimentation and results
The experimental procedure utilized to evaluate the lower, more common aspect ratio

fragment impact response was provided along with the analysis of the data gathered from these
experiments. The ability of existing methodologies to predict the penetration depth is evaluated
in the following chapter.

95

CHAPTER VI
EXISTING PENETRATION AND SPALL PREDICTION METHODOLOGY ANALYSIS
6.1

Overview of existing penetration and spall prediction methodologies analysis
Existing methodologies were evaluated for their ability to accurately predict the depth of

penetration and element thickness required to prevent spall of concrete slabs impacted by a highaspect ratio fragment. The ability of the same methodologies to predict the penetration depth of a
lower-aspect ratio fragment into the same concrete materials was also evaluated. Local impact
response is typically predicted using empirical and analytical methods. These methods vary in
complexity and sophistication depending on the era in which they were developed and the data
set utilized in their creation. Given the empirical origins of these formulae, they are only
considered to be valid within the range of the data set utilized to develop the expression (Li et al.
2005). Therefore, only those methods whose parametric limits allow for analysis of the
experimental series discussed in Chapter 4 and Chapter 5 were included in the analysis in this
chapter. These relationships are discussed in detail as part of the literature and practice review in
Chapter 2. The information presented in this chapter was published as part of Brown et al. (2019)
and Brown et al. (2020a).
6.1.1

Applicable methodologies and notation
Nine existing penetration and spall prediction methodologies whose parameters allow for

the analysis of the high-aspect ratio fragment impact scenario were identified. These were the
same methodologies used to analyze the lower-aspect ratio fragment impact as well. These nine
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relationships were selected to ensure the high-aspect ratio fragment Vi, fc of the NSC, HSC-A,
HSC-B, and HSC-B-F materials, and any other applicable inputs fell within the limits of the
parameters associated with the relationship. The empirical relationships analyzed include the
Modified Petry (MP), Ballistic Research Laboratory (BRL), US Army Corps of Engineers
(USACE), Modified NDRC (M-NDRC), Ammann and Whitney (A&W), Kar, Bechtel, HaldarHamieh (H-H), and Healey and Weissman (H&W) methodologies.
The input values utilized for NSC, HSC-A, HSC-B, and HSC-B-F for each of the
methodologies and the high-aspect ratio fragment for both the penetration and spall formulae are
provided in Section 6.2. Similarly, the penetration depth prediction values for the BB and FSP
fragments are provided in Section 6.3, respectively. The equations and notation associated with
each methodology are provided in Chapter 2.
6.2

Empirical predictions of high-aspect ratio fragment penetration and spall depth
The predicted concrete depth required to prevent spall when impacted with a high-aspect

ratio fragment, and the penetration depth of the high-aspect ratio fragment into the concrete
materials were analyzed. The inputs for the relationships discussed above are provided in this
section along with an analysis of the predicted values versus those observed experimentally.
6.2.1

Inputs high-aspect ratio fragment impact scenario
The applicable inputs for the depth to prevent spall and penetration depth relationships

for the high-aspect ratio fragment impact are provided in Table 6.1. The nose shape coefficient
(Nh) and fragment nose shape factor (N*) are typically selected based on the shape of the
impacting face of the projectile or fragment. In the case of the experimental test series discussed
in Chapter 4, the exact shape of the nose of the fragment is unknown. This is the case, because
fragments that were recovered during experimentation had been affected by both the explosive
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detonation and impact with the target. Therefore, the exact curvature of the impacting face of the
fragment between detonation and impact remains unknown. Consequently, the values utilized for
Nh and N* were those for a flat impacting face. This impact face condition was selected because
the next closest defined impacting face condition was hemispherical. The fragment was believed
to be more flat than hemispherical before impact based on the post-impact fragment shape being
only slightly curved as shown in Chapter 4.
Table 6.1
Variable
a
d
E
Es
fc
ft
hs
M
Nh
N*
Vi
Dp

6.2.2

Applicable penetration and spall empirical formulae notation for high-aspect ratio
fragment impact
Units
m
m
Pa
Pa
Pa
Pa
m
kg
----m/s
m

NSC
0.0047
0.152
2x108
2x108
2.9x107
2.5x105
--1.81
1
0.72
764
---

HSC-A
0.0047
0.152
2x108
2x108
1x108
4.6x105
--1.81
1
0.72
764
---

HSC-B
N/A
0.152
2x108
2x108
1.1x108
4.8x105
--1.81
1
0.72
764
---

HSC-B-F
N/A
0.152
2x108
2x108
1.3x108
5.0x105
--1.81
1
0.72
764
---

Empirical predictions of penetration depth of high-aspect ratio fragment
Table 6.2 provides a summary of the predicted penetration depth (Dp) found using the

empirical formulae discussed herein along with the experimental values measured for each
material. The measured values shown represent an average of the Dp values shown in Table 6.2
for each respective material. The Bechtel methodology does not include a penetration depth
prediction equation and was not included.
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Table 6.2

Penetration predictions

MP
BRL
USACE
M-NDRC
A&W
Kar
H-H
H&W
Measured Values

NSC
3.3
7.6
13.7
18.8
5.6
18.8
24.6
19.3
6.4

HSC-A
3.3
4.1
11.9
16.5
3.0
17.0
14.5
17.5
5.9

HSC-B
3.3
3.8
10.7
17.0
2.8
17.0
14.2
17.3
6.0

HSC-B-F
3.3
3.6
10.5
16.9
2.6
16.9
13.5
17.2
5.6

The predictions of Dp for this type of fragment vary widely depending on methodology.
Several of the relationships largely over-predict Dp for the high-aspect ratio fragment. This is
illustrated for the NSC, HSC-A, HSC-B, and HSC-B-F data in Figure 6.1. Each of the
methodology’s predictions for each of the materials is graphed and the experimental Dp values
are illustrated by lines according to material type.
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Figure 6.1

Depth of penetration predictions versus actual experimental results

The measured Dp values were relatively close together, with a range of only 0.8 cm. This
indicates that the depth of penetration of a high-aspect ratio fragment was not notably affected by
the fc of the material or the inclusion of fiber reinforcement. The largest overprediction of the
NSC response belonged to the H-H relationship while the H&W methodology produced the
largest over-prediction in both the HSC-A, HSC-B, and HSC-B-F materials. The methodology
with the closest prediction for the NSC material was the A&W relationship. The BRL
relationship was the closest to the experimental results for both HSC-A, HSC-B, and HSC-B-F.
6.2.3

Empirical predictions of element depth to prevent spall due to high-aspect ratio
fragment impact
Table 6.3 provides a summary of the slab thickness that would be required to prevent

spall (hs) along with the experimental values measured for each material. Every slab presented a
spall condition except for one of the 25.4-cm-thick HSC-B-F specimens. Therefore, the NSC,
100

HSC-A, and HSC-B materials require hs to be greater than 25.4 cm. The hs for the HSC-B-F
material shown can be assumed to be approximately 25.4 cm, given that one specimen spalled
and one did not. The A&W and H&W methodologies do not include relationships to predict the
thickness required to prevent spall and were not included in Table 6.3
Table 6.3

Thickness to prevent spall predictions

NSC
MP
7.1
BRL
15.0
USACE
50.8
M-NDRC
57.9
Kar
58.4
Bechtel
34.3
H-H
65.8
Measured Values 25.4+

HSC-A
7.1
8.1
47.0
55.6
56.1
18.5
51.8
25.4+

HSC-B
7.1
7.9
47.0
55.6
55.9
17.8
51.6
25.4+

HSC-B-F
7.2
7.2
46.6
55.3
55.3
16.4
50.7
~25.4

Similar to the Dp predictions, wide variation was also present in the prediction of the hs
values due to a plate fragment impact. These values are illustrated for the NSC, HSC-A, HSC-B,
and HSC-B-F materials in Figure 6.2.
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Figure 6.2

Depth of penetration predictions versus actual experimental results

The experimental results indicate that the 25.4-cm-thick slabs of each non-fiber material
type presented a spalled condition. However, as shown in Figure 6.2, a few of the methodologies
largely under-predict the thickness required (e.g., less than 25.4 cm) to prevent spall due to a
plate fragment impact in one or several of the materials. Also, even though one of the 25.4 cm
HSC-B-F slabs did not spall, many of the methodologies over-predict the thickness required to
prevent spall when fiber reinforcement is included. The methodologies that predicted values in
excess of 25.4 cm for the non-fiber materials cannot be evaluated due to lack of data for slabs
larger than 25.4 cm thick.
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6.3

Discussion of predictive ability of methodologies for high-aspect ratio fragment
impact
Predictions of fragment penetration depth and slab thickness necessary to prevent spall

produced by existing methodologies were found to be, in large part, inaccurate for a high-aspect
ratio fragment impact. Wide variation in the predictions was noted with over- and underprediction being common for both fragment penetration depth and spall prevention depth. As
stated previously, the empirical relationships discussed and analyzed are only applicable within
the parameters of the experimental data utilized in their development. Given that the penetration
mechanics of a high-aspect-ratio fragment impact have not been extensively evaluated, the fact
that these relationships do not accurately predict the penetration and spall depths is somewhat
expected.
The large over-prediction of the Dp values is likely attributed to many influences,
including the fact that Dp is inversely proportional to the aspect ratio of the impactor. Therefore,
a plate fragment would be expected to penetrate less than a projectile with a deeper cylindrical
shape, and most of the penetration relationships were developed for this type of projectile. In
addition, due to the nose shape not being perfectly flat and not completely hemispherical could
have also influenced the results of those relationships that utilize Nh or N*. Furthermore, the
effect of fiber reinforcement on spall and breach performance has not been extensively
evaluated. Modification to one or more the existing equations should be conducted to provide the
ability to predict penetration depth and the depth required to prevent spall of concrete elements
when impacted with this type of fragment with and without fibers.
6.4

Empirical predictions of lower-aspect ratio fragment penetration depth
The same concrete materials used to construct the reinforced concrete slabs impacted with

a high-aspect ratio fragment in Chapter 4 were also employed to construct the unreinforced
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cylindrical targets that were impacted with a normal aspect ratio fragment in Chapter 5. Therefore,
the same penetration prediction methodologies applied to analyze the results of the Chapter 4
experimentation, and whose limits allow for analysis of the BB and FSP impact, were also utilized
to analyze the data discussed in Chapter 5. Each of these methodologies, their inputs, limits, etc.,
were discussed in Chapter 2. The inputs specific to each fragment type are provided in Table 6.4
and 6.5 for the BB and FSP, respectively.
Table 6.4
Variable
a
d
E
Es
fc
ft
hs
M
Nh
N*
Vi
Dp

Table 6.5
Variable
a
d
E
Es
fc
ft
hs
M
Nh
N*
Vi
Dp

Applicable penetration empirical formulae notation for BB fragment impact
Units
m
m
Pa
Pa
Pa
Pa
m
kg
----m/s
m

NSC
0.0047
0.152
2x108
2x108
2.9x107
2.5x105
--1.81
1
0.72
764
---

HSC-A
0.0047
0.152
2x108
2x108
1x108
4.6x105
--1.81
1
0.72
764
---

HSC-B
N/A
0.152
2x108
2x108
1.1x108
4.8x105
--1.81
1
0.72
764
---

HSC-B-F
N/A
0.152
2x108
2x108
1.3x108
5.0x105
--1.81
1
0.72
764
---

Applicable penetration empirical formulae notation for FSP impact
Units
m
m
Pa
Pa
Pa
Pa
m
kg
----m/s
m

NSC
0.0047
0.152
2x108
2x108
2.9x107
2.5x105
--1.81
1
0.72
764
---

HSC-A
0.0047
0.152
2x108
2x108
1x108
4.6x105
--1.81
1
0.72
764
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HSC-B
N/A
0.152
2x108
2x108
1.1x108
4.8x105
--1.81
1
0.72
764
---

HSC-B-F
N/A
0.152
2x108
2x108
1.3x108
5.0x105
--1.81
1
0.72
764
---

A comparison of the MP, BRL, USACE, M-NDRC, A&W, Kar, and H&W methodology’s
Dp predictions was conducted using the average of the lower velocities and Dp values for the
thinner targets, and the average higher velocities and their Dp values associated with the thicker
targets that were provided in Table 6.5. The prediction associated with each methodology is
provided in Table 6.6 along with the average Dp measured for the high and low-velocity impacts
on each material. The values for the nose shape factor were 0.84 for the spherical BB fragment
and 0.72 for the FSP fragment. The value for a flat nose shape factor was used for the FSP. While
the nose of the projectile is not perfectly flat, the shape is more flat than hemispherical, which is
the next nose shape coefficient available for use for the methodologies analyzed.
Table 6.6

Summary of fragment penetration depth (Dp) Data (cm)

Fragment
Material

BB
NSC

Velocity
(m/s)
MP
BRL
USACE
M-NDRC
A&W
Kar
H&W
DP

572
0.2
8.6
6.5
3.2
6.4
3.2
3.4
2.7

HSC-A

HSC-B

FSP
NSC

1,838

---

1,798

670

1,847

472

0.3
40.5
36.0
9.2
52.3
9.2
9.9
10.0

-----------------

0.3
21.2
18.9
6.6
27.1
6.6
7.1
6.7

0.2
5.5
4.4
2.7
4.4
2.7
2.9
2.1

0.3
21.2
19.0
6.7
27.4
6.7
7.1
6.6

0.03
5.5
4.9
4.0
3.2
4.0
4.3
4.3

HSC-A

HSC-B

1,820

585

1,831

526

1,842

0.2
33.1
30.6
25.3
36.5
25.3
28.7
13.0

0.03
3.9
3.9
3.6
2.5
3.6
3.9
3.3

0.2
18.0
17.1
14.7
19.8
14.7
16.5
9.0

0.03
3.3
3.4
3.3
2.0
3.3
3.5
3.0

0.2
17.5
16.6
14.3
19.3
14.3
16.2
8.2

A graphical illustration of each methodology’s penetration depth predictions for the lower
and higher BB impact velocities (for the two different target depths) are provided in Figure 6.3
along with the measured Dp values. No data are provided for HSC-A for the thinner target section
when impacted by the BB fragment. As discussed previously, this is because none of the targets
presented a condition where the front and back face damage did not intersect.
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Figure 6.3

Penetration depth predictions for BB fragment at lower impact velocities
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The BRL, USACE, and A&W methodologies over predicted the lower Vs BB and FSP Dp
values by an average of 3.3 cm and 1.0 cm, respectively. The overprediction was greater with the
higher velocity impacts where the BRL, USACE, and A&W methodology’s predictions were over
by an average of 26.6 cm and 20.5 cm for the BB and FSP, respectively. This is likely due to,
among other factors, limitations of the relationships related to their data set of origin, given that
approximately 1,800 m/s is a very high impact velocity. The Dp values were estimated fairly
accurately by several of the different techniques. The M-NDRC, Kar, and H&W only varied by an
average of 0.3 cm and 1.0 cm from the measured Dp for the lower velocity BB and FSP shots,
respectively. The higher velocity predictions for the BB and FSP were an average of 5.0 cm and
16.2 cm different, respectively. This is expected given that the Kar and H&W methodologies are
based on the M-NDRC equations.
Overall, the methodologies discussed above trended toward larger differences between the
experimental and predicted values as impact velocity increased. This is likely the case for several
reasons, including that many of the techniques were created for use with lower velocity impact
scenarios. Furthermore, the penetration mechanics change in notable ways as impact velocity is
increased (Zukas 1990). At lower velocities, the projectile typically remains relatively rigid with
minimal erosion during the impact event. At this velocity range, the concrete fc and equation of
state largely dictate the protective element’s response. As the impact velocity is increased, the
impact face of the projectile is expected to start eroding with penetration depth depending on the
eroded impact face shape. Increasing projectile deformation typically results in decreasing
penetration depth. As the impacting velocity is increased, the structural member’s fc tends to have
a decreasing bearing on impact performance and the penetration event tends to be dictated by
projectile material behavior (i.e., deformed geometry) (Zukas 1990).
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These trends appear to be consistent with the experimental data evaluated herein and may
provide some insight as to why the predictive methodologies that were evaluated tend to be more
inaccurate at higher impact velocities. As discussed in previous chapters, fc cannot be considered
as the only factor influencing impact response. However, fc is the only characteristic of the
protective element concrete material that is utilized in the methodologies analyzed herein.
Therefore, given that increasing impact velocity decreases the influence of protective element fc
on penetration performance, the fact these higher velocity impacts are less accurately predicted as
illustrated in Figure 6.3 is somewhat intuitive. The lower Vs impacts are close in magnitude to the
Vs of the high-aspect ratio fragment tested against the same materials. However, the methodologies
were much more accurate with their predictions of the more common, relatively low-aspect BB
and FSP fragment shapes compared to the high-aspect ratio fragment. This can likely be attributed
to many factors that include the change in fragment aspect ratio as well as the presence of
reinforcement in the high-aspect ratio targets.
6.5

Summary of methodology analysis
The ability of existing predictive techniques to determine the depth of penetration and

depth to prevent spall were evaluated for accuracy using fragments with varying aspect ratios.
The depth of penetration predictions for the low-aspect ratio fragments analyzed herein was
accurately predicted by several of the existing penetration depth prediction relationships.
However, the high-aspect ratio fragments were not.
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CHAPTER VII
EVALUATION OF BREACH BEHAVIOR DUE TO HIGH-ASPECT RATIO FRAGMENT
IMPACT
7.1

Overview of breach behavior analysis
Breach due to contact charges and airblast due to close-in detonations have been

evaluated in several different experimental test series. The experimental results from these
studies have led to the development of numerous empirical methodologies that evaluate the
breach response of concrete elements. Each of these studies is discussed in Chapter 2. These
relationships and techniques allow the breach performance of concrete elements to be evaluated
against contact charges and near-field detonation of cased and uncased munitions. While
traditional fragment and penetrator shapes have been considered along with different contact
charge shape geometries, current methodologies do not provide protective structure designers an
approach to quickly determine the required thickness of a member to prevent breach due to a
plate fragment impact. Therefore, modifications to existing breach relationships were developed
to allow for the simple analysis of the breach performance of a concrete element impacted by a
plate fragment. These changes to existing breach relationships were made based on experimental
data from Chapter 4. Some of the information included in Chapter 7 was published as part of
Brown et al. (2020a).
A plate fragment was utilized to compare with a contact charge detonation, because the
high-aspect ratio of the fragment reduces the likelihood of perforating a typical concrete
protective element. In addition, this type of fragment geometry reduces the ability of the
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fragment to penetrate into a target while still creating a breached condition. The physics
associated with transferring stresses from a contact charge detonated on the slab surface are
fundamentally different than those related to a fragment impacting the slab surface. However,
while different, both a contact charge detonation and a high-aspect ratio fragment impact impart
energy into the proximal face of the slab and can result in a breached condition if enough energy
is applied. Experimental results discussed in Chapter 4 demonstrate that a high-aspect ratio
fragment will not perforate, and only minimally penetrate, into a slab but result in a breached
condition from the energy applied to the impact face. This application of energy to the face of a
slab due to high-aspect ratio fragment impact resulting in a breached condition could be
described as similar to that of a contact charge detonation applying energy on the slab surface
that would result in a breached condition.
A simplified depiction of plate fragment impact and contact charge detonation is
illustrated in Figure 7.1. When the contact charge is detonated, the explosive transfers energy
onto the slab similar to when the fragment impacts the slab face, as shown in Figure 7.1.b. The
pressure outburst areas shown in the contact charge in Figure 7.1.b are a theoretical illustration
of the impulse from a cylindrical charge with energy being expended in all horizontal directions
as well as downward into the slab (Remennikov et al. 2015). Damage zones due to the energy
imparted by fragment impact and contact charge detonation are created on the proximal and
distal faces as stresses propagate through the member as shown in Figure 7.1.c, reflecting off of
free surfaces. Subsequently, the damage zones intersect resulting in a breach throat being created
as illustrated in Figure 7.1.d, with the plate rebounding in the opposite direction of the initial
trajectory.
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Figure 7.1

Simplified impact and contact charge detonation processes
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7.1.2

Predicting breach performance when impacted with a plate fragment
Equation 2.65 and Equation 2.69, presented in Chapter 2, were employed to determine

the charge mass required to breach the 20.3-cm-thick slabs that were tested by plate fragment
impact. Based on the specific energy of TNT (QTNT) defined as 4,184,000 J/kg (Cooper 1997),
the calculated Cb values were utilized to determine the equivalent energy of TNT released when
the contact charge is detonated (EC) using Equation 7.1.
𝐸𝐶 = 𝐶𝑏 𝑄𝑇𝑁𝑇

(7.1)

The values determined for EC were then compared to the energy imparted from the plate
fragment impact (EI) required to breach a wall of the same thickness. This value was determined
by using the kinetic energy relationship shown in Equation 7.2, in which the mass (mf) and
velocity (v) of the fragment are considered (Cooper et al. 1997).
1
(7.2)
𝑚 𝑣2
2 𝑓
As reported in Chapter 2, the average mf and v values for the experimental test series were 1.5 kg
𝐸𝐼 =

and 764 m/s, respectively. These values produced an EI of 452.4 kJ when input into Equation
7.2.
The application of Equation 2.69 to analyze this particular fragment’s ability to cause a
breached response is straightforward, given that the variables utilized are determined in the same
manner as the original equation. The Cb values found by using Equation 2.69, with Rb being
equal to the target thickness, K being 1.76 (Table 2.3), and C being 1.8 (Figure 2.1), are shown
in Table 7.1. Conversely, the values of n and μ utilized in Equation 2.65 are representative of the
charge geometry in the original equation and do not allow for direct application to the fragment
impact analysis unless assumptions are made about the charge geometry. Therefore, the Cb
analysis for Equation 2.65 was accomplished by assuming a cylindrical charge with the height of
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the cylinder equal to its radius, a value of 45 degrees for , a B/H ratio of 2, and a K0 of 40 (from
Remmennikov et al. 2015). Equation 2.65 determines the charge mass for an elevated untamped
charge, as shown in Figure 2.1. In order to compare to a tamped or stemmed charge, Cb must be
reduced by the tamping factor C that was selected as 1.8 from Figure 2.1. Substituting Equation
2.66 into Equation 2.65 and multiplying by the reciprocal of C yields the relationship shown in
Equation 7.3.
𝑋 2
(tan(𝛼) + ) ℎ3
(7.3)
ℎ
𝐶𝑏 = 𝐾0
𝜇𝐶
The charge mass can also be expressed as a function of the explosive density (ρ0) and the
volume of the cylinder. By setting the explosive height equal to the radius, the charge mass can
be expressed as shown in Equation 7.4.
𝐶𝑏 = 𝜌0 𝜋𝑋 3

(7.4)

Setting Equations 7.3 and 7.4 equal, assuming a TNT density of 1.65 g/cc (Cooper,
1997), and numerically solving for the values of X for which the equivalence is true yields the
charge geometry and therefore the charge mass. The h utilized for analysis, the resulting Cb
values and the EC are shown in Table 7.1, along with EI and the percent difference between the
EC and EI values (E).
Table 7.1
h (cm)
20.3
25.4

Breach Empirical Formulae Notation
Equation
2.65
2.69
2.65
2.69

Cb (kg)
0.29
0.24
0.56
0.46

EC (kJ)
1213.4
1004.2
2343.0
1924.6

EI (kJ)
452.4
452.4
452.4
452.4

113

E (%)
37
25
19
13

The E values for the 20.3-cm slab indicate that the upper limit of EI is between 25% and
37% of EC and can be no less than approximately 13% of EC, given that the 25.4-cm slabs did
not breach due to fragment impact. This is expected, since all the energy of the contact charge is
not directed into the target. This is generally illustrated by the outburst areas shown for a topcenter initiated cylindrical contact charge in Figure 7.1, with some of the energy being imparted
to the slab and some to the tamping medium.
The pressure and subsequent stress produced by a plate fragment impact were also
compared to the pressure-induced stress produced by a contact charge detonation. In order to
estimate the pressures induced by the contact charge and the plate fragment, the shock was
treated as being one dimensional and the Hugoniot properties of the concrete were assumed to be
similar to those of similar concretes (Grady 1996). Hugoniot relationships are derived from the
conservation of mass, energy, and momentum and can be manipulated to determine
thermodynamic variables of state, including pressure, that exist behind a shock front (Cooper,
1997).
The Hugoniot for concrete target was assumed to follow the general form given by
Equation 7.5 (Hazell, 2015),
𝑃 = 𝜌0𝑐 𝑢𝑝 (𝐶0𝑐 + 𝑠𝑐 𝑢𝑝 )

(7.5)

while the Hugoniot for the steel projectile just after impact is given in Equation 7.6
(Cooper, 1997),
𝑃 = 𝜌0𝑠 (𝐶0𝑠 + 𝑠𝑠 (𝑣𝑖− 𝑢𝑝 ))(𝑣𝑖− 𝑢𝑝 )

(7.6)

where P is the pressure, 0 is the initial density, C0 is the bulk sound speed, s is a
dimensionless constant, vi is the impact velocity and μp is the particle velocity. The subscripts c
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and s are for the concrete and steel, respectively, and the values for each constant are provided in
Table 7.2. At the interface, immediately after impact, the particle velocity and the pressure in the
steel and concrete at the interface must be equal. Therefore, solving Equations 7.5 and 7.6
simultaneously provides the particle velocity which can be utilized to determine the interface
pressure at the earliest moment of impact. A particle velocity of approximately 610 m/s and a
pressure of approximately 5.8 GPa were determined in this manner for the plate fragment impact.
The explosive pressure is given in Equation 7.7 (Cooper, 1997),
𝑃𝐶𝐽
𝑃𝐶𝐽
) ∗ 𝜇 + (0.3195
) ∗ 𝜇2
(7.7)
𝜇𝐶𝐽
𝜇𝐶𝐽 2
where PCJ is the Chapman- Jouget (CJ) pressure, D is the detonation velocity and 0 is the initial
𝑃 = 2.412𝑃𝐶𝐽 − (1.7315 ∗

density of the unreacted explosive, and the CJ particle velocity is defined as,
𝑃𝐶𝐽
(7.8)
(𝜌0 ∗ 𝐷)
The constants used to evaluate the pressure due to explosive detonation are also provided
𝜇𝐶𝐽 =

in Table 7.2. Similar to the fragment impact case, at the interface, the pressure and particle
velocity in the explosive and concrete must be equal. Thus, equating equations 7.5 and 7.7 yields
a particle velocity of approximately 2,000 m/s and a pressure of approximately 30 GPa.
Table 7.2

Table 5. Material parameters used in shock pressure calculations

Plate Fragment Impact

A36 Steel (Cooper, 1997)
Concrete (Grady, 1996)
Explosive Detonation

ρ0
(g/cc)
7.89
2.354 a

C0
(km/s)
4.659
3.0 b

S
1.49
1.7 b

ρ0
PCJ
D
(g/cc)
(GPa)
(km/s)
Comp C-4 (Zukas et al. 1997)
28.0
1.601
8.193
a
average density of concrete tested experimentally
b
selected from closest density data available in Grady, 1996
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The estimated initial pressures of the two different events are different by an order of
magnitude. Additionally, the duration of the loading event is also very different. Contact charge
detonation is a high-pressure event with a relatively low duration compared to the lower pressure
but longer duration of the plate fragment impact. The duration of the pressures induced by
contact charge detonation are largely dictated by the shape of the pulse produced by the
explosion. Using the method of estimating loading durations in Remennikov et al. 2018, loading
durations at the center of the explosive cylinders are typically on the order of 10’s of µs for
equivalent charge sizes considered herein. The duration of the plate impact cannot be determined
from the experimental data gathered and only grossly estimated using established closed-form
relationships or computational modeling.
Subsequently, the duration of the loading pulse during fragment impact was estimated to
be the time required for the plate to achieve a zero or negative velocity in a sample simulation.
This was measured as about 1.2 ms, which is two orders of magnitude larger than the loading
duration estimated for the explosive contact charge. The actual loading waveforms for each event
are quite complex due to the effects of comminution and fracture of the concrete upon loading,
different rarefaction waveforms, etc. Therefore, the load waveforms must be grossly
approximated as triangular pulses for comparative purposes. This assumed waveform in
conjunction with the estimated load durations indicates that the impulses imparted by the two
events would be different by an order of magnitude. Thus, an equivalence of the impulse values
was also incapable of providing a comparison of the two events. Therefore, the use of energy to
equate these two events appears to be a reasonable method.
The proposed E values were developed from one set of experimental data and can be
influenced by many different factors that were not evaluated in the development of this scenario.
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These include the shape of the contact charge, location of charge on the slab relative to
reinforcement and reflective edges, detonation location, etc. Each of these factors would
influence the contact charge’s ability to breach a slab and the subsequent E value related to
fragment impact and should be addressed before using this technique for other contact charge
shapes, sizes, etc., given that the parameters utilized herein were selected solely based on field
usage and efficiency.
Modifications, shown in Equations 7.9 and 7.10, can be made to the contact charge
breach equations to analyze breaching due to fragment impact. These alterations were made to
the initial contact charge Equations 2.65 and 2.69, respectively. The modification to each
relationship introduces an impact constant (Ib) to account for E.
𝑋 2
(tan(𝛼) + ) ℎ3
ℎ
𝐶𝑏 = 𝐾0
𝐼𝑏
𝜇𝐶

(7.9)

𝐶𝑏 = 𝑅𝑏3 𝐾𝐶𝐼𝑏

(7.10)

The resultant Cb values produced by Equations 7.9 and 7.10 for the fragment and velocity
analyzed herein produced a breach prediction using both the UFC-3-340-02 methodology and the
extrapolation of McVay (1988).
The modified relationships have been modeled in Figure 7.2 as a function of fragment
impact velocity to cause a breached condition (vb) and h. This was accomplished by determining
EC using Equation 7.2 with the Cb values from Equations 7.9 and 7.10. Equation 7.3 was then
solved for v with EC assumed to be equal to EI and m assumed to be constant. The values of Ib
utilized in Equations 7.9 and 7.10 are the E values determined for each respective contact
charge equation. These values were 19% and 37% for Equation 7.9, and 13% and 25% for
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Equation 7.10. The smaller values represent the lower boundary in Figure 7.2 while the larger
values represent the upper bound.

Figure 7.2

Fragment velocity to cause a breached condition (vb) according to slab thickness
(h)

The Vi for each of the plate impact tests shown in Table 4.3 of Chapter 4 that resulted in
a breached condition is also represented in Figure 7.2 for each of the different concrete materials
to illustrate the experimental data relative to the modified breach charge relationships. The scale
in Figure 7.2 was selected for comparative purposes to content presented later in this chapter.
The experimental Vi values were well above the breach envelope provided by Equations
7.9 and 7.10 for the 15.2-cm-thick slabs. Experimental and numerical data agree for thinner
sections, but due to the large difference between the breach envelope and the experimental
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impact velocity shown in Figure 7.2, the equations could not be further refined for thinner
elements. The 20.3- and 25.4-cm-thick slabs overlapped the upper and lower boundaries of the
breach envelope. Given that the 20.3-cm-thick specimen presented breached and non-breached
conditions, the experimental results generally agree with the numerical evaluation. However,
none of the 25.4-cm-thick specimens breached, even though several of them fell within the lower
portion of the breach envelope. This suggests that, based on the experimental data, the lower
limit could be greater than that shown in Figure 7.2. These limits were further investigated using
finite element simulations.
7.2

Computational model of breach response
A computational model was utilized to evaluate the modified breach relationships

developed herein using the multi-physics numerical simulation software ALE3D. This software
utilizes arbitrary Lagrangian-Eulerian techniques to analyze hybrid finite element and finite
volume formulations to model fluid and elastic-plastic response (Lawrence Livermore National
Laboratory). ALE3D is a widely utilized and reliable tool that can be employed to analyze
reinforced concrete structures subjected to high rate phenomena, such as a plate fragment impact.
The ability to analyze the dynamic response of a structural element due to this type of shortduration, high-energy loading is critical when evaluating the performance of a protective
member. Several studies have numerically assessed the response of reinforced concrete to
fragment impact (Kong et al. 2016, Kong et al. 2017, Pereira et al. 2018). However, the effect of
an impact from a fragment with a high aspect ratio has not been extensively numerically
evaluated.
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7.2.1

Computational model development
The NSC slabs were selected for simulation to further refine the E limits shown in Table

7.1. For this model, all materials were specified to be purely Lagrangian with element erosion
used to simulate slab fracture and failure. There are multiple concrete constitutive material
models available for use in ALE3D. Of those available, the HJC was selected to model the
concrete material for this particular simulation. The HJC is an elastic-viscoplastic model coupled
with isotropic damage, developed for analyzing high strain rate, high pressure, and large strain
models. This particular model can be used in both Lagrangian and Eulerian codes and has been
noted to represent a compromise between simplicity and accuracy (Holmquist et al. 1993,
Polanco-Loria et al. 2008). The steel plate impactor was modeled using a Johnson-Cook (JC)
material model for ASTM A36 steel (O’Toole et al. 2013). Rebar reinforcement in the slab was
modeled as solid hexahedral elements with the material response represented by a simple
elastic/plastic model developed from the known rebar mechanical properties. The interface
between concrete and rebar was approximated via shared nodes with the surrounding concrete.
The constants presented in Holmquist et al. for concrete with a comparable fc to the NSC
in the experimental series presented in Brown et al. (2019) were used as an initial fit for these
simulations and are provided in Table 7.3. Initial simulations were conducted using those
constants, and the results were analyzed so that modifications to the HJC constants could be
made as part of a calibration process where the computational output was being matched to the
experimental results. This involved comparing the simulation and experimental results using the
original HJC constants with the intent of matching the breach condition of the 20.3-cm-thick slab
and the non-breach condition of the 25.4-cm-thick slab, as well as the general post-test condition,
with the average fragment velocity (764 m/s) remaining constant. This case was chosen, because
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the 20.3-cm-thick NSC slabs breached while the 25.4-cm-thick NSC slabs did not. Based on this
analysis, modifications were made to the HJC constants to better fit the results produced by the
numerical model to the experimental results. Several modifications were made to the HJC
material model during the calibration process. The best fit of the simulation data to the
experimental results was found after changing the D1 constant from 0.04 in the original model
(O’Toole et al. 2013) to 0.08, with all other constants remaining the same. Each of the material
parameters for the modified HJC concrete material model and the JC steel material model are
provided in Table 7.3. As stated previously, the JC material model for A36 steel remained
unmodified.
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Table 7.3

Material model constants

Constant
Value
Description
Concrete – HJC (Holmquist et al. 1993)
A
0.79
normalized cohesive strength
B
1.6
normalized pressure hardening coefficient
C
0.61
strain rate coefficient
f'c
0.007
compressive strength
SMAX
0.048
normalized maximum strength
D1
0.08*
damage model constant
D2
1
damage model constant
EFMIN
0.01
damage model constant
PCRUSH
0.016
pressure at which crushing begins
0.001
strain at which crushing begins
𝜇CRUSH
K1
85
pressure constant
K2
-171
pressure constant
K3
208
pressure constant
PLOCK
0.8
pressure at which all air voids are removed
0.1
air void ratio
𝜇LOCK
Steel – JC (O’Toole et al. 2013)
A
0.002861
yield stress
B
0.005001
strain hardening constant
C
0.022
strengthening coefficient
N
0.2282
strain hardening coefficient
M
0.917
thermal softening coefficient
tMELT
1811
melting temperature
tROOM
298
ambient temperature
* Value modified from 0.04 to 0.08 to fit experimental data

While modifying D1 from 0.04 to 0.08 was identified as the best method to fit the model
to the experimental data, this change also affects the material model’s softening curve and can
lead to an inaccurate description of the strain-softening of the concrete. However, this model was
developed as a first attempt to simulate impact from this type of fragment without any other data
other than fc available to calibrate the results. Furthermore, laboratory data at the high pressures
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anticipated under impact conditions is unavailable. Existing fits are an extrapolation of lower
pressure data and may not accurately represent the high pressure and strain rate response for this
type of event. Therefore, modifying the strain-softening of the concrete material model was
determined to be allowable given the lack of additional data to obtain a reasonable result
reflective of the known experimental results. The steel reinforcement and impactor material
models were not modified for these simulations.
The effect of the mesh size used to simulate the different materials in the model was also
evaluated. The size of the mesh effects almost all aspects of the model including computational
resources and the simulation run time. Smaller mesh sizes require more time and computational
nodes; however, smaller mesh sizes may also provide more detailed results ideally, but not
always, converging towards a solution as mesh size decreases. Several different mesh sizes were
evaluated as part of this process in the model utilized herein. The coarsest mesh size was selected
to be half of the diameter of the reinforcement, or approximately 6.4 mm, to minimally
approximate bending of the rebar where a single element is insufficient. Iterative simulations
were conducted with element sizes ranging from 6.4 mm to 2 mm in an effort to determine the
mesh size at which the damage behavior began to converge to a qualitatively constant behavior.
It was found that for meshes of 3.18 mm and finer the damage patterns were qualitatively similar
and in good agreement with the experimental data. Thus for all the simulations reported herein
an element size of approximately 3.18 mm was used.
In order to approximate the effects of concrete comminution and ejecta and promote
stability of the simulation, elements were eroded based on plastic strain, distortion, volume, and
damage of the materials. The failure criteria for each variable were selected based on two factors.
These include where the material would be expected to fail or fracture, e.g., tensile strain to
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failure in the rebar, and/or where the material model was in a regime that the model was not
designed to represent, e.g. large positive relative volumes in concrete. The concrete material
exceeding the relative volume criteria was responsible for the greatest amount of element
erosion. The failure criteria specific to each of the different materials are shown in Table 7.4.
Table 7.4

Material model constants

Material
Concrete

Steel

7.2.2

Characteristic
distortion
relative volume
plastic strain
damage
plastic strain
distortion

Failure Criteria
0.05
1.25
0.8
0.999
0.681
0.05

Computational model results
Calibrated simulations produced results that are shown in Figure 7.3. The impact

simulation was conducted in quarter-symmetry, given that each of the slab’s quadrants would
yield the same results and subsequently did not require analysis. An isometric view of the
numerically simulated impact slab in pre- and post-impact conditions is shown in Figure 7.3a
and 7.3b, respectively. The impactor is not shown to provide a complete illustration of the
damage induced by the impact in Figure 7.3b.
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Figure 7.3

Computational model illustration
125

A cross-sectional view showing the high-aspect ratio fragment at several different points
of the impact process from the simulations is provided in Figure 7.4, up to the point where the
impactor begins to rebound in the opposite direction of the initial trajectory in Figure 7.4c. The
plate fragment minimally penetrated into the slab similar to the behavior noted in the experimental
tests used to fit the model. The fragment physically penetrating into the concrete slab is much
different than the detonation of a contact charge; however, both events result in the application of
energy across a similarly sized, relatively broad surface of the slab cross-section compared to that
of a traditional fragment.

Figure 7.4

Plate fragment at different points during impact
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Modeled slabs that displayed a breached condition were considered to be those where
sufficient elements were eroded to produce a visible hole in the slab after post-processing the
computational data. Volumetric strain was the most common form of element erosion noted in
the modeled slabs. The illustrations in Figure 7.5 show the slab after eroded elements and
uneroded elements with relative volumes of 1.2 or greater were removed. Relative volume was
selected to be the threshold element failure criteria, given that concrete cannot withstand large
tensile strains, and those elements greater than 20% of their original volume would represent
pulverized concrete that would not remain attached to the slab. Thresholding on other parameters
was investigated; however, the volumetric threshold was found to best represent the
experimental results. The breach and non-breach conditions produced by the computational
model are shown in Figures 7.5a and 7.5b, respectively. The plate fragment is not shown to
provide a complete view of slab damage.
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Figure 7.5

Illustration of breach and non-breach conditions in the computational model

Figure 7.6 plots velocities for which the computational model (CM) indicated breach
would begin for several different slab thicknesses, along with a trendline (CM Trend) fit to the
computational data. These data sets are titled “CM” and “CM Trend,” respectively. Figure 7.6
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also includes the experimental data discussed in Chapter 4 and the upper and lower limits for the
new breach relationships shown in Figure 7.2. Both Figure 7.2 and Figure 7.6 utilize the same
scale on the x- and y-axis for comparative purposes.

Figure 7.6

Computational model (CM)results compared to empirical equations and
experimental data

In general, the computational results and associated trendline mostly fit within the upper
and lower limits of breach found in Equation 7.9 and 7.10. The models run on the 15.2-cm and
20.3-cm slabs were near the bottom of the empirical breach envelope while each of the thicker
slabs was near the upper limit. The trendline (i.e.,+ CM Trend) that best fit the CM results was a
second-order polynomial function shown in Equation 7.11.
𝑣𝑏 = −0.312ℎ2 + 83ℎ − 887
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(7.11)

The function in Equation 7.11 has a regression coefficient (R2) of 0.98, indicating a
relatively good fit to the computational results. Overall, the computational modeling of the plate
fragment impact appears to agree generally with the functions created in Equations 7.9 and 7.10,
in particular for thicker slabs tested. The thicker (25.4 cm) section’s experimental data are near
the lower bound of Equations 7.9 and 7.10, while the intermediate (20.3 cm) section’s response
was near the upper bound of the equations. However, as stated previously, the impact velocity of
the fragment in the experimental data was much greater than the breach envelope determined by
both the proposed equations and the computational simulations for the 15.2-cm-thick specimens.
While this reasonably agrees with the experimental data, refined validation of the proposed
thresholds and computational model cannot be provided in the thinner sections.
Several studies have considered the effects of contact charge detonation on concrete
elements of thicknesses ranging from 8 cm to 40 cm but do not provide a comparison of slabs of
different thicknesses versus the same contact charge (Kraus et al. 2004, Akers et al. 2011, Wang
et al. 2013, Li et al. 2015, Hong et al. 2017, Neto et al. 2019). However, increasing charge
weight while maintaining element thickness was found to result in slab failure modes
transitioning from flexural failure to punching shear (Wang et al. 2013). In concept, decreasing
slab thickness while holding the fragment size and impact velocity constant could be considered
similar to increasing the charge size while holding the element thickness constant given that
increasing the energy imparted to the slab relative to slab thickness remains the same. Therefore,
as the slab thickness decreases from 20.3 cm to 15.2 cm, the failure mode would likely change
when impacted by the same high-aspect ratio fragment traveling at nearly the same velocity. This
probable change in failure mode could have an impact on the ability of the predictive techniques
created to accurately analyze the response of thinner sections. The proposed model’s ability to
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evaluate thinner sections could be validated through further experimental testing with lower
impact velocities on thinner sections. This should provide most to all of the data required to fully
assess thinner sections.
7.3

Applicability to other fragment shapes
The ability of the proposed methodologies to predict breach performance of other

fragment shapes was also evaluated. This was accomplished using data gathered during the
experimental series discussed in Chapter 5. Two of the targets that were impacted at velocities
near the lower perforation range produced a breach throat without the projectile passing through
the target similar to that of the plate fragment impact experiments analyzed (Vs of 697 and 717 in
Table 5.2). The impact velocity that resulted in a breached condition without BB perforation was
taken as the average of these two experiments, where the target presented this condition during.
This average velocity that resulted in a breach of the unreinforced target without perforation is
provided in Table 7.5. The breach response in the NSC specimen from BB impact was evaluated
using energy equivalence as was done with the plate fragment.
Table 7.5

Equivalent TNT energy due to contact charge detonation (unreinforced target)

h (cm)

Vb
(m/s)

Equation Cb
(kg)

EC
(kJ)

EI
(kJ)

E
(%)

5.1

707

2.65
2.69

10.87
15.48

2005
2005

18,445
12,952

0.0026
0.0037

The E found for the breached condition of the unreinforced 5.1-cm-thick targets
impacted by a 1.27-cm-diameter BB was much larger than that of the 15.2-cm and 20.3-cm thick
targets impacted by the plate fragment. This is indicative of the fact that not all scenarios allow
for the comparison of fragment impact with contact charge detonation.
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There are likely many reasons why this is the case for this specific scenario, including the
fact that the fragment did not have the same pressure versus area (i.e., smaller projectile at
similar velocity) as the plate fragment. This is to be expected given that the BB and plate
fragments are much different geometrically. Geometric effects in traditional penetration are a
relatively strong function of areal density, impactor nose shape, etc. Quantification of the effects
of each of these fragment properties cannot be provided, because their influence on penetration
response has not been sufficiently studied. In addition, detonation wave velocity decreases as the
diameter of the charge decreases below some critical value, thereby reducing the energy
imparted due to detonation (Zukas et al. 1997). This makes analyzing the explosive weight
required for breaching with a small diameter charge, such as the diameter of a BB fragment,
difficult to analyze and likely outside the bounds of the empirical breach relationships and
subsequently much smaller than what would actually be utilized in the field. Therefore, the
proposed relationships cannot be recommended to predict breach response when impacted by a
projectile that does not have a high-aspect ratio.
7.4

Summary breach behavior analysis
The ability to analyze the breach resistance of reinforced concrete elements when

impacted by a high-aspect ratio fragment was improved through new relationships provided in
this chapter. These new relationships were created from existing contact charge equations and
the experimental data discussed in Chapter 4 and evaluated for their ability to analyze lower
aspect ratio fragments using data from Chapter 5. The new relationships were then evaluated for
accuracy using a computational model of high-aspect ratio fragment impact on a reinforced NSC
slab and for their ability to predict the impact behavior of other fragment types.
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CHAPTER VIII
INFLUENCE OF CONFINEMENT ON EXPERIMENTAL TARGET PERFORMANCE
8.1

Overview of the influence of confinement on experimental target performance
Semi-infinite behavior in a full-scale wall element can be attributed to the large

difference between the area of the fragment or projectile and the area of the wall itself. A fullscale concrete wall is typically much larger than the area damaged upon impact or the impacting
fragment. Thus, the undamaged concrete surrounding the damaged impact zone provides inertial
confinement (IC) to the damaged concrete during an impact event. Confinement of concrete
subjected to impact loads has been found to affect the mechanical properties of concrete, with
ultimate strength and the associated strain capacity of the material increasing as confinement is
increased (Sukontasukkul et al. 2005). This is somewhat intuitive given that confinement during
dynamic events, such as impact, reduces tensile strain and subsequent tensile failure at the
target’s free edges.
The diameter of an experimental concrete target (D) is typically a function of the
diameter of the impacting fragment or projectile (d), where larger impactors often necessitate
larger targets (Frew et al. 2006). However, efficient experimentation often requires that the target
specimen be small enough to ensure portability. Depending on the diameter of the fragment or
projectile to be evaluated, this may prove difficult to achieve given the high unit weight of
concrete and the large surface area required to provide enough inertial confinement adjacent to
impact damaged areas to approximate a semi-infinite response. Subsequently, this inertial
confinement provided by undamaged concrete in a full-scale wall element is commonly
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approximated. Artificially simulating this confinement in an experimental target can take several
forms, including the use of a circumferential steel ring as a confining medium as was done with
the targets analyzed in Chapter 5.
Artificially confined (AC) targets have been evaluated as one piece of a cellular array
system that, when combined with other confined concrete cells, make up a protective wall (Wan
et al. 2016, Song et al. 2019). The performance of this type of target has also been evaluated
against multiple hits from a projectile (Gomez and Shukla 2001). In addition, the effect of a
target’s diameter on penetration depth has been evaluated (Frew et al. 2006). However, the
ability of artificial confinement to approximate the perforation response of a full-scale
monolithic wall subjected to a fragment or projectile impact and the influence of confined target
size on impact performance has not been extensively studied.
Therefore, data gathered from the impact experiments detailed in Chapter 5 was used to
conduct a numerical analysis of target performance that evaluated the effects of inertial and
artificial confinement on perforation response. The steel ring in the experimental targets was
intended to reduce radial tensile strain and provide a rough approximation of the inertial
confinement provided by undamaged concrete in a wall element. These impact tests are detailed
in Chapter 5. The artificial confinement provided by the steel ring results in reflections of
shockwaves induced by impact that are not likely to be present in an actual wall element depending
on the proximity of the impact location relative to a reflection plane (i.e. free wall edge).
These reflections cannot attenuate as they travel through the target before reflection as they
would in an actual semi-infinite surface. Therefore, this type of target design can only be
considered to estimate the performance of an inertially confined semi-infinite element by
artificially confining the radial tensile strains at the edges of the finite surface. The velocity of the
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impactor after perforating the confined targets was the experimental metric utilized to ensure that
the numerical simulation produced similar perforation data compared to the experimental target
response. This simulation was then used to evaluate target performance with different diameters
and to evaluate how edge effects and artificial confinement can influence a target’s ability to
approximate the perforation performance of an inertially confined semi-infinite surface during
impact.
8.2

Numerical simulation of confined experimental target impact by BB projectile
A finite element simulation of the BB experimental target specimen discussed in Chapter

5 was created using the Elastic-Plastic Impact Computation (EPIC) hydrocode (Johnson et al.
2016). This particular code when used in conjunction with the High-Rate-Brittle (HRB) concrete
model (Frank 2012, Frank et al. 2020a) has been shown to accurately simulate impact events
similar to those evaluated experimentally (Frank et al. 2017, Sherburn et al. 2017).
8.2.1

Model calibration methodology
The NSC and HSC-A materials utilized in the numerical simulations were modeled with

the aforementioned HRB concrete constitutive model. Specifics of the EPIC HRB material
model can be found in Brown et al. (n.d.). The material parameters (i.e., material model fitting)
for HSC-A have been extensively simulated in EPIC and are well-developed (Frank et al.
2020b). However, a material model fit for the exact mixture constituents of the NSC was not
available, although a similar NSC material fit has also been extensively used (Frank et al.
2020b). Therefore, the NSC material fit used in these simulations was adjusted to match the
compressive strength from the NSC experiments described herein (28.7 MPa). Is noteworthy that
the material model fitting parameters for NSC and HSC-A materials were predefined and not
modified in any way to fit the simulation results to the experimental data evaluated.
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The Johnson-Cook (JC) material model was utilized to simulate the steel ring providing
artificial confinement in the target specimens and the BB projectile. The steel confining ring
utilized an EPIC library material model fit for mild steel with a yield strength of 430 MPa. A
pipe with a relatively thin wall was utilized for confinement experimentally and in the
simulations, with thickness varying depending on what was commercially available for each
diameter. The diameters that were used to provide artificial confinement in the simulations are
provided for each D/d value in Table 8.1.
Table 8.1
D/d
8
16
24
32
40
48
64
80

Pipe wall thicknesses utilized as simulated artificial confinement
Wall Thickness
(cm)
0.31
0.38
0.46
0.64
0.64
0.64
0.79
0.95

The BB was simulated using an EPIC library material fit for S7 tool steel for initial
comparison to the experimental data. Based on those simulation results, the material fit for the
S2 tool steel was derived herein. The S2 material fit was derived from the S7 material fit by
modifying both the yield strength (1,517 MPa for S7 and 2,000 MPa for S2) and the fracture
parameters. These modifications were made so that the condition of the BB fragmentation in the
simulation was similar to that which was experimentally observed after impact. The S2 material
fit resulted in a better correlation between the experimental and simulated perforation velocity
data, as well as BB fragmentation.
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The effects of mesh size on the half-symmetry BB simulation behavior were evaluated
using several different simulations with varying element geometry. The size of the mesh is
critical to simulation performance. As the element size decreases the simulation requires
additional computational time and resources. However, smaller mesh sizes may also provide
more accurate and detailed results. The optimal element size was evaluated using iterative
simulations by quantitatively comparing residual velocity and qualitatively comparing material
damage. The simulation with the coarsest target mesh evaluated had approximately 1 million
elements while the model with the finest mesh had approximately 10 million elements. The
optimal mesh size that provided the necessary amount of detail while requiring a reasonable
amount of computational resources had approximately 7 million elements total between the
target and projectile. This resolution resulted in the size of the target elements being
approximately 0.78 mm and the elements in the BB projectile being approximately 0.15 mm.
This was the element size that was maintained for each simulation evaluated herein. Uniform
element sizes were utilized throughout the target and projectile.
8.2.2

Numerical model results
The Vs values included in the model represented the experimental data. The values were

selected in increments of approximately 152 m/s that began just beyond the experimental
perforation limit and continued to where the BB projectile began to transition from nearly rigidbody penetration of the projectile to large deformation or shattering of the projectile at higher
impact velocities. The Vr values determined from the numerical simulations are provided in
Table 8.2 along with the experimental data within the same range of impact velocities taken from
the BB data provided in Table 5.2.
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Table 8.2
Material

BB striking (Vs) versus residual velocity (Vr) of a target with D/d = 32
Target

Experimental
NSC

Numerical

Vs
548
596
617
829
873
1,007
1,167
1,420
762
914
1,067
1,219
1,372
1,524

Vr
0
0
0
106
160
302
468
657
44
201
367
504
634
729

Material

Target

Experimental
HSC-A

Numerical

Vs
697
717
746
752
873
1,042
1,199
1,376
762
914
1,067
1,219
1,372
1,524

Vr
0
0
4
27
55
223
376
504
21
103
255
420
550
646

Impact simulation visualizations where the Vs was 1,067 m/s are provided in Figure 8.1
for the NSC and HSC-A materials. The gray colored area indicates areas of no damage, red
indicates fully damaged material, and blue indicates lower levels of damage. The most severe
damage was noted nearest the BB impact location. As the distance from the point of impact
increases, material damage decreases. Radial cracking is also visible in both material types. This
type of damage is representative of the other simulations as well as the experimental target
condition post-impact.

a) NSC
Figure 8.1

b) HSC-A

Rear face damage contour of cylindrical target with D/d = 32 at 1,067 m/s
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The Vs and Vr data for each concrete material and target type provided in Table 8.2 are
illustrated graphically in Figure 8.2. The data are fit with a trend line created using a Lambert
relationship outlined in Section 5.5.2.

Figure 8.2

Experimental and simulation results comparison of material model performance
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The simulation data for the BB with an S2 material fit compare with the experimental
data much better than the simulation data for the BB with an S7 material fit. This was observed
for the NSC and HSC-A target materials. Therefore, the S2 material fit, which was a suitable
correlation, was used to evaluate the effects of confinement and diameter on simulated target
perforation performance.
8.3

Data analysis of model results
The influence of confinement method on the simulated target’s perforation response was

evaluated by removing the artificial confinement provided by the steel ring from the model while
varying target D/d values. As D/d increased, the inertial confinement (i.e., confinement from
concrete) also increased. These scenarios are summarized in Table 8.3. Data from Table 8.2 is
are also shown in Table 8.3 for completeness (D/d = 32).
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Table 8.3

BB striking (Vs) versus residual velocity (Vr) at varying D/d ratios
Vr (m/s)
NSC

Vs
(m/s)

Inertially Confined (i.e. concrete confined) D/d

457
533
610
686
762
914
1,067
1,219
1,372
1,524

8
27
65
115
172
237
384
491
623
756
882

16
----23
53
117
272
426
577
721
847

24
----2
29
89
243
391
544
677
794

32
--------67
199
357
507
632
725

40
--------49
180
338
481
596
678

48
--------33
134
292
446
563
657

64
--------40
137
257
388
476
546

457
533
610
686
762
914
1,067
1,219
1,372
1,524

5
25
64
102
145
278
399
546
674
784

----2
34
93
198
325
486
634
747

------6
51
162
312
451
592
705

--------14
114
266
412
541
661

--------23
98
233
383
503
605

--------23
100
226
345
425
551

--------30
128
230
325
401
463

Artificially Confined (i.e. steel ring confined) D/d

80
8
----------20
--70
25
153
153
309
229
452
359
597
451
747
523
878
HSC-A
--------------17
15
47
123
195
208
452
298
598
379
747
441
842
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16
----11
45
107
265
429
577
723
843

24
------8
83
239
389
544
675
788

32
--------44
201
367
504
634
729

40
--------52
180
333
476
600
686

48
--------31
136
297
441
539
620

64
--------43
135
255
376
488
560

80
--------48
129
226
346
446
542

------20
58
199
326
483
632
756

------31
70
159
301
448
588
700

--------21
103
255
420
550
646

--------21
106
237
383
497
600

--------29
129
229
343
422
546

--------24
134
228
324
376
431

--------13
114
201
295
352
418

8.4

Effect of artificial versus inertial confinement on perforation performance and
material damage
The influence of artificial confinement from a steel ring on perforation response was

evaluated by comparing Table 8.3 data from IC versus AC targets of the same D/d ratio. The
data for each D/d ratio are shown for the NSC and HSC-A materials in Figures 8.3 and 8.4,
respectively. Simulation trends were very similar for both materials. When the D/d value was 16
or larger, the artificially and inertially confined targets of the same diameter performed nearly
the same. However, when the D/d of the simulated specimen was reduced to 8, the specimens of
each material type displayed a divergence in perforation performance regardless of the
confinement utilized, especially at lower impact velocities. These trends indicate that the
perforation performance of a specimen with the same diameter are unaffected by the presence of
artificial radial confinement when the D/d is greater than or equal to 16.
However, as D/d is increased, the Vr values decrease incrementally as demonstrated by
the comparison of the targets with a D/d of 16 versus the larger targets. This indicates that
inertial confinement continues to influence a target’s perforation performance with or without
artificial confinement in both material types. This is further illustrated in Figure 8.5 where the
Lambert function has been fit to the simulation data for the artificially and inertially confined
normal and high-strength concrete simulations.

142

Figure 8.3

NSC perforation performance with and without artificial confinement (m/s)
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Figure 8.4

HSC-A perforation performance with and without artificial confinement (m/s)
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Figure 8.5

HSC-A perforation performance with and without artificial confinement (m/s)
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As illustrated in Figure 8.5, until the D/d value reaches 64, Vr values continue to decrease as D/d, and subsequently, inertial
confinement increase. However, upon reaching a D/d of 64, Vr values begin to converge with those of a target with a D/d of 80, with
and without artificial confinement. This indicates that edge effects influence Vr values until D/d exceeds 64 and that the simulated
target does not approximate the performance of an inertially confined semi-infinite surface, similar to that of a wall until that D/d
threshold is met or exceeded. This is likely due to many factors including increased wave attenuation and decreased reflection times as
the shock propagates through the additional inertial confinement provided by the increased D/d target.
The disparity between Vr values for different D/d ratios was more apparent at higher Vs levels. This indicates that as the
magnitude of the impact velocity increases, the inertial confinement must also be increased to provide a more accurate approximation
of a semi-infinite response. Subsequently, a target with a smaller D/d value and less inertial confinement could be utilized to provide a
semi-infinite response at lower impact velocities. The data analyzed herein indicate that at impact velocities less than approximately
1,000 m/s, a D/d could be as small as 48 and still provide a near semi-infinite response. As the impact velocity increases to 1,500 m/s,
the minimum D/d for a near semi-infinite response is approximately 64. This is illustrated in Figure 8.6, where the Vr values for each
D/d and confinement condition are graphed for Vs values of 1,000 m/s along with the Vr values for a Vs of 1,500 m/s for comparison.
Polynomial trend lines for each data set are provided in Table 8.4.
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Figure 8.6

D/d versus Vr at Vs of 1,000 m/s and 1,500 m/s
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Table 8.4
Material
NSC

Predictive trend line relationships
Vs
1,000
1,500
1,000

HSC-A

1,500

IC
Vr = -0.0004(D/d)3 + 0.1028(D/d)2 8.7652(D/d) + 485.01
Vr = 0.0012(D/d)3 - 0.1348(D/d)2 1.1556(D/d) + 887.45
Vr = -0.0004(D/d)3 + 0.1086(D/d)2 9.9007(D/d) + 433.07
Vr = 0.001(D/d)3 - 0.0914(D/d)2 4.1785(D/d) + 825.87

AC
Vr = 8E-06(D/d)3 + 0.0335(D/d)2 5.2552(D/d) + 416.62
Vr = 0.0008(D/d)3 - 0.0763(D/d)2 4.2034(D/d) + 905.02
Vr = -6E-05(D/d)3 + 0.0497(D/d)2 6.2299(D/d) + 356.81
Vr = 0.0004(D/d)3 + 0.0097(D/d)2 9.2635(D/d) + 881.7

Regression coefficient (R2) values for these equations were on the order of 0.98,
indicating a relatively good fit to the data. These equations can be utilized to determine expected
Vr values for varying D/d ratios at Vs values of 1,000 m/s and 1,500 m/s. Given the constraints
associated with large targets, laboratory limitations, etc., a D/d of 64 may be difficult to achieve.
Therefore, these relationships provide the ability (for similar materials) to estimate the potential
change in perforation performance with smaller target geometries that may be required in many
situations.
The effect of artificial and inertial confinement on damage in the target during an impact
event was also evaluated. This was accomplished by comparing a visualization of the simulation
results from the two types of confinement at 1 milli-second post-impact. A representative sample
of these comparative visualizations for a Vs of 1,067 m/s at different D/d values is provided in
Figures 8.7 and 8.8 for the NSC and HSC-A materials, respectively.
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Figure 8.7

Effect of confinement on NSC target damage

149

Figure 8.8

Effect of confinement type on HSC-A target damage
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The damage response illustrated in Figures 8.7 and 8.8 demonstrates damage magnitude
decreases as inertial confinement increases. Furthermore, the influence of artificial confinement
also decreases with increasing D/d ratios. This trend can largely be attributed to the magnitude of
radial strain at the outside edge of the target increasing as the inertial confinement decreases.
Given that concrete is particularly weak in tension, reducing tensile strains likely reduces target
damage due to impact. Similar to the Vs versus Vr analysis results, this is likely due to many
factors such as increased wave attenuation and decreased reflection times as the D/d, and
subsequently the inertial confinement is increased. The difference in compressive strength
between the NSC and HSC-A did not appear to have a noticeable influence on this relationship.
8.5

High-aspect ratio fragment modeling
A simulation of the high-aspect ratio fragment impact experimental series detailed in

Chapter 4 was also created using EPIC HRB to evaluate the BB findings against plate fragment
impact results. The same material models and material fits that were utilized in the BB impact
simulations were also included in the plate fragment model. The aspect ratio of the plate utilized
in Chapter 4 (aspect ratio of 12) was maintained in this simulation while the mass was made the
same as the BB fragment. This resulted in a fragment that was approximately 2.54 cm diameter
by 0.21 cm thick. Multiple simulations were run with the plate fragment impacting HSC-A and
NSC at different velocities. However, while the BB impact scenario was well represented by the
simulation output, the high-aspect ratio fragment impact simulation was not. The plate fragment
simulations became unstable during the analysis process, resulting in termination of the
calculation prior to achieving the desired results.
This was likely due to many contributing factors including material model characteristics,
fragment geometry, and the magnitude of the impact velocity required for a plate fragment to
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perforate a target. As discussed in previous chapters, the high-aspect ratio fragment induces a
very large shock load into the concrete surface upon impact. Intuitively, the magnitude of this
load is increased as the impact velocity increases. The impact velocities required for this type of
fragment to perforate a concrete specimen are very high relative to the BB fragment perforation
velocities. This is due to the penetrability of the impactor being inversely related to the aspect
ratio which has also been discussed in previous chapters. Subsequently, the elevated impact
velocities required for perforation of the plate fragment through the concrete and the associated
shockwave induced by this type of fragment geometry are likely two key factors that contributed
to the difficulty in simulating the high-aspect ratio fragment impact scenario. The forces induced
by impact resulted in unstable elements in both the simulated target and plate fragment resulting
in termination of the calculation process.
8.6

Summary and conclusions
Artificial radial confinement by way of a steel ring was found to have a relatively small

influence on perforation performance when the D/d is greater than or equal to 16. Furthermore,
inertial confinement from concrete was found to influence perforation performance with or
without artificial confinement up to a D/d of approximately 64. Therefore, the D/d of an
experimental target must be greater than or equal to 64 if a semi-infinite perforation response is
desired at elevated impact velocities. However, the D/d can be reduced to as low as 48 at lower
impact velocities while still providing a semi-infinite response. This indicates that the targets
evaluated in Chapter 5, which had a D/d of 32, did not provide a completely accurate semiinfinite perforation response.
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CHAPTER IX
SUMMARY AND CONCLUSIONS
9.1

Overview of summary and conclusions
The main objectives of this dissertation as outlined in the introduction were to develop an

experimental method to evaluate high-aspect ratio impact, use the experimental data to assess
existing predictive methodology’s ability to predict local impact effects from this type of
fragment, determine the influence of protective element characteristics, and fiber reinforcement
on spall and breach performance when impacted with a high-aspect ratio fragment, generate a
numerical model of the high-aspect ratio fragment impact and evaluate the ability of the
artificially confined targets to approximate a semi-infinite surface similar to that of a fielded
structure. These issues are discussed in Chapters 3 through 8. Conclusions based on the data in
those chapters are provided in the following subsections. Recommendations for future work are
also included. Overall, this dissertation provides the ability to reproduce high-aspect ratio
fragment impact testing using a newly established method that could be utilized to create
standard test protocol for high-aspect ratio fragment impact by a national testing agency. In
addition, the data that was gathered from the two experimental series discussed herein offers a
better understanding of the hazards associated with fragments with varying aspect ratios and also
established that existing penetration prediction methodologies do not accurately predict
performance of protective elements subjected to high-aspect ratio fragment impact. Finally, the
effects of confinement and target size on perforation performance was evaluated and guidance
was provided to ensure a semi-infinite response.
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9.1.1

Experimentally evaluate high-aspect ratio fragment impact
A new experimental approach utilizing a large-diameter, flat-faced impactor was

developed so that the fragment would not perforate the slab specimen being tested and applied a
nearly uniform shock plane in the specimen. This involved determining what explosive/plate
assembly would provide the impact velocity and flight properties desired for this type of test.
Factors that were considered include the weight, geometry, and detonation point of the charge as
well as the fragment material and geometry. Upon completion of iterative testing utilized to
optimize the appropriate charge configuration and plate fragment properties, tests were
conducted on reinforced concrete slab specimen. The concrete slabs tested were made using
NSC, HSC, and HSC with fiber reinforcement for comparative analysis. The use of a highaspect-ratio fragment ensured that spall occurred in the absence of perforation and resulted in the
development of spall instead of breach in many specimens. The depth of penetration, spall, and
breach presented in each specimen was quantified using physical measurements as well as image
analysis software. This data was utilized to meet the other objectives listed in this dissertation.
9.1.2

Influence of compressive strength, thickness, and fiber reinforcement on spall and
breach performance
The spall behavior and performance of concrete materials with varying compressive

strengths and reinforcement types were investigated based on the experimental data gathered.
Test results indicated that element thickness affects the transition from a breach response to a
spall response when impacted with this type of fragment, with thicker specimens producing less
breached area and eventually only spall. In addition, increased compressive strength was found
to increase the volume of spalled material produced by this type of fragment impact. However,
while the spall response was worsened by compressive strength, the breach throat was reduced
when compressive strength was elevated. Finally, the inclusion of fiber reinforcement
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meaningfully influenced the spall and breach behavior of concrete. The presence of fiber
reinforcement decreased the breach throat and spall response by notable amounts and produced
very different results when impacted by a high-aspect-ratio fragment.
9.1.3

Influence of fragment aspect ratio on impact response
Decreasing the aspect ratio of the fragment was found to result in the fc of a protective

member having increased bearing on impact response. Furthermore, the high-aspect ratio
fragments evaluated did not perforate any specimen while the low-aspect ratio fragments did
despite the tests having similar Vs values. These trends indicate that the hazard associated with
penetration depth increases as the fragment aspect ratio decreases and the impactor nose
becomes increasingly convex in shape, and that perforation is of greater concern when protective
structural elements are impacted with lower-aspect ratio fragments.
9.1.4

Impact performance prediction methodology’s ability to analyze fragment impact
A total of nine methodologies were selected for evaluation according to the compatibility

of their empirical limits with the impact scenario being analyzed. Those methodologies whose
limits did not include the impact velocity, concrete compressive strength, thickness of the
elements experimentally evaluated herein, or any other input identified to be outside of the
methodology’s parameters were not included in the analysis. Predictions of fragment penetration
depth and slab thickness to prevent spall produced by these nine existing methodologies were
inaccurate for the high-aspect ratio fragment impact. However, the low-aspect ratio fragments
were accurately predicted by several of the methodologies. Furthermore, nearly all of the
predictive techniques demonstrated a wide variation of expected penetration depth values at
higher impact velocities. This indicates that the fragment aspect ratio and increased impact
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velocity, among other factors, can affect a given methodologies’ ability to accurately predict
penetration depth.
9.1.5

Modifications to existing contact charge relationships to evaluate high-aspect
ratio fragment impact
Existing contact charge breach relationships were modified to account for the difference

in energy imparted from a contact charge detonation versus that of a high-aspect ratio fragment
impact. The new relationships provided were developed by modifying existing breach charge
equations based on data obtained from experimentation where reinforced concrete elements were
impacted with a plate fragment. These new techniques provide the ability to quickly estimate the
required thickness of a member to prevent breach due to impact from this specific type of
fragment into elements with sections thicker than 20.2 cm. The ability to more precisely analyze
thinner element sections (i.e., 15.2-cm-thick) requires further refinement of the technique. This is
due to the large difference between the actual experimental impact velocity and the velocity
required to breach according to the modified contact charge relationships.
9.1.6

Calibrated computational model of high-aspect ratio impact
A computational model was developed that allowed the analysis of NSC specimens when

impacted by a high-aspect ratio fragment. The numerical model was calibrated to match the
experimental results by manipulating the HJC material model. Numerous simulations were
conducted of the experimental impact scenario with the experimentally calibrated model. The
breach threshold determined using the new predictive methodologies was compared to the
computational results allowing for the efficacy of the new predictive techniques to be analyzed.
While the model produced results that were within the boundaries established by the new breach
prediction techniques for thicker slab specimen, the thinner sections were not. This can likely be
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attributed to many factors, including the transition from failure due to punching shear in the
thinner slabs to a flexural failure in the thicker specimens.
9.1.7

Influence of artificial and inertial confinement on experimental target
performance
The perforation resistance and impact performance of concrete targets of varying target

diameter to projectile diameter ratio (D/d) with and without artificial confinement were evaluated
numerically using a material model that was shown to have excellent correlation with available
experimental results. Artificial radial confinement was found to have a relatively small influence
on perforation performance, especially in larger targets. However, the artificial radial
confinement did result in less damage to the specimen after impact likely due to tensile strain
reductions at target edges. At impact velocities exceeding approximately 1,000 m/s, inertial
confinement influences perforation performance with or without artificial confinement up to a
D/d of approximately 64. Therefore, the D/d of an experimental target must be greater than or
equal to 64 if a semi-infinite perforation response is desired at elevated impact velocities.
9.2

Recommendations for future research
•

Analysis of the fragment impact results conducted herein identified that spall response
was worsened by increased compressive strength but the breach throat was reduced when
compressive strength was elevated. Further study into the trade-offs between increased
spall and breach response with other materials is warranted to help ensure that the trends
identified in this work exist across a wide range of concrete mixtures, and to provide a
better understanding of some of the concrete parameters that can influence impact
response.
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•

Data gathered from the different types of fragments evaluated herein indicates that fiber
reinforcement inclusion has a notable influence on protective member impact
performance regardless of fragment aspect ratio or geometry. However, these
relationships need to be further evaluated before they can be accurately included in
protective design practices. Therefore, further study of the influence of fiber
reinforcement in different concrete mixtures and element thicknesses is suggested.

•

Existing penetration depth prediction methodologies outlined in Chapter 6 were found to
be fairly accurate for low-aspect ratio fragments but did not accurately predict penetration
depth of high-aspect ratio fragments. Therefore, further investigation into the potential
modification of existing methodologies to predict the behavior of concrete elements
being impacted by a high-aspect ratio fragment in materials with and without fibers, or
the development of a new relationship to provide this capability, is recommended.

•

The breach envelope developed from the modified contact charge equations presented in
Chapter 7 are based solely on the high-aspect ratio fragment impact testing herein and
likely do not represent a wide range of concrete mixtures. Therefore, experimentation to
improve the accuracy of the breach envelope with different concrete mixtures, especially
for thinner sections, is recommended. In addition further investigation of the effect of
impact velocity on the efficacy of the techniques is also suggested.

•

The effects of confinement and target size relative to impactor size on perforation
performance of a concrete element evaluated in Chapter 8 are based on one experimental
series. Therefore, additional experimental analysis of the trends and relationships
associated with different concrete mixtures, fragment geometries, and confinement
techniques is recommended to confirm or further refine the proposed relationships.
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